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(54) A system and method for controlling firing operations of an Inkjet printhead 



(57) The present invention is a printing system 100 

and method having a printhead assembly 116 that con- 
trols firing operations of an Inkjet printhead 236. In par- 
ticular, the system 100 and method control the firing and 
timing decisions pertaining to ink drop ejection through 



the use of various types of delays. The printing system 

includes a controller 110, a power supply 114 and a 
printhead assembly 116. The printhead assembly 116 
includes a memory device 1 22 and a distributive proc- 
essor 124 integrated with an ink driver head 126. 
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Description 

nELD OF THE INVENTION 

[0001] The present invention generally relates to s 
inkjet and other types of printers and more particularly 
to a novel printing system that includes a system and 
method for controlling the firing operations of an '\r\k\eX 
printhead. 

BACKGROUND OF THE INVENTION 

[O0O2] Inkjet printers are commonplace in the compu- 
ter field. These printers are described by W J. Ltoyd and 
H.T. Taub in 'Ink Jet Devices,' Chapter 13 of Output 
Hardcopy Devices (E6. R.C. DurbeckandS. Sherr, San 
Diego: Academic Press. 1988) and U.S. Patents 
4,490,728 and 4,31 3,684). Inkjet printers produce high 
quality print, are compact and portable, and print quickly 
and quietly because only ink strikes a printing medium, 
such as paper. 

[0003] An inkjet printer produces a printed image by 
printing a pattern of individual dots at particular locations 
of an array defined for the printing medium. The loca- 
tions are conveniently visualized as being small dots in 
a rectilinear array The locatbns are sometimes "dot lo- 
cations', "dot positions', or "pixels'. Thus, the printing 
operation can be viewed as the filling of a pattern of dot 
locatbns with dots of ink. 

[0004] Inkjet printers print dots by ejecting very small 
drops of ink onto the print medium and typically include 
a movable carriage that supports one or more print car- 
tridges each having a printhead with ink ejecting noz- 
zles. The carriage traverses over the surface of the print 
medium. An ink supply, such as an ink reservoir, sup- 
plies ink to the nozzles. The nozzles are controlled to 
eject drops of ink at appropriate times pursuant to com- 
mand of a microcomputer or other controller. The timing 
of the application of the ink drops typically corresponds 
to the pattern of pixels of the image being printed. 
[0005] In general, the small drops of ink are ejected 
from the nozzles through orifices or nozzles by rapidly 
heating a small volume of ink located in vaporization 
chambers with small electric heaters, such as small thin 
film resistors. The small thin film resistors are usually 
located adjacent the vaporization chambers. Heating 
the ink causes the ink to vaporize and be ejected from 
the orifices (also known as "firing"). 
[0006] Specifically, for one dot of ink, a remote print- 
head controller which is usualh' located as part of the 
processing electroncs of the printer, activates an elec- 
trical current from an external power supply. The elec- 
trical current is passed through a selected thin film re- 
sistor of a selected vaporizatbn chamber. The resistor 
is then heated for superheating a thin layer of ink located 
within the selected vaporization chamber, causing ex- 
plosive vaporization, and. consequently a droplet of ink 
is ejected through an associated orifice of the printhead. 



[0007] One problem common in inkjet printers that re- 
duces the efficiency of an ink drop ejection, however, is 
scan axis directbnality (SAD). The scan axis is the axis 
along which the printhead and carriage move during var- 
ious operations such as a printing operation. SAD is the 
measure of error (in degrees) in an ejected ink drop tra- 
jectory with respect to the scan axis. In general. SAD 
occurs when an ejected ink drop does not land on the 
print media (such as paper) in the desired location. The 
trajectory error reduces the accuracy and efficiency of 
the printing operation. 

[0008] Another problem common in inkjet printers is 
radiatbn interference. In general, a great deal of power 
is required over a short period of time in order to vapor- 
ize each ink drop. The switching of power on and off 
over a short amount of time generates undesirable elec- 
tromagnetic radiation interference (EMI). When this 
switching is performed simuftaneously on a large 
number of vaporization chambers, the EMI problem is 
intensified. In effect, Ef^l causes the wiring and cabling, 
delivering power from the power supply to the vaporiza- 
tion chamber, to radiate energy like an antenna. This 
radiation interferes with internal components of the 
printer and also electronic devices external to the print- 
er. 

[0009] A common method of reducing EMI is by 
shielding the printer cabling and wiring. However, 
shielding is expensive and adds weight and bulk to the 
printer. Shielded cabling and wiring is also stiff, unwieldy 
and constrains the movement of dynamic components 
inside the printer. 

[0010] Therefore, what is needed is a new printing 
system and method includ ng a printhead assembly that 
can efficiently control and optimize the firing operations 
of the printhead. 

SUMMARY OF THE INVENTION 

[001 1] To overcome the limitations in the prior art de- 
scribed above, and to overcome other limitations that 
will become apparent upon reading and understanding 
the present specification, the present invention is em- 
bodied in a novel printing system and method including 
a printhead assembly that controls the firing operations 
of the printhead. The printhead assembly controls firing 
and timing decisbns to optimize the ejectfon of ink drops 
and reduce problems such as EMI and SAD. 
[0012] The printing system includes a main controller, 
a power supply and a printhead assembly having a 
rngrnQiy rigyj^g and 3 dlstrlbutlve processor integrated 
with an ink driver head. The distributive processor in- 
cludes a firing controller in digital communication with 
the main controller and the ink driver head for regulating 
the firing of nozzle resistors. The present invention in- 
corporates various types of delays, such as intersection - 
al delays (delays between groupings of thermal resis- 
tors) and fractional dot delays (delays in the firing sig- 
nals) to reduce the problems associated with EMI and 
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SAD. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] The present invention can be further under- s 
stood by reference to the following descriptbn and at- 
tached drawings that illustrate the preferred embodi- 
ment. Other features and advantages will be apparent 
from the following detailed description of the preferred 
embodiment, taken in conjunction with the accompany- io 
ing drawings, which illustrate, by way of example, the 
principles of the invention. 

[0014] FIG. 1 A shows a block diagram of an overall 
printing system incorporating the present Invention. 
[0015] FIG. 1 B shows a block diagram of an overall ^5 
printing system incorporating the preferred embodiment 
of the present invention. 

[0016] FIG. 2 isan exemplary printer that incorporates 
the invention and is shown for illustrative purposes only. 
[0017] FIG. 3 shows for illustrative purposes only a 20 
perspective view of an exemplary print cartridge incor- 
porating the present invention. 

[0018] FIG. 4 is a detailed view of the integrated 
processing driver head of FIG. 4 showing the distributive 
processor and the driver head of the printhead assem- 
biy. 

[0019] FIG. 5 is a block diagram illustrating the inter- 
action between the distributive processor and the driver 
head of the printhead assembly. 
[0O2O] FIG. 6 is a block diagram Illustrating the overall 
functional interaction between the components of the 
printing system. 

[0021] FIG. 7 is an overview block diagram of conti- 
nuity testing. 

[0022] FIG. 8 is a flow diagram of the continuity testing 3S 
of specific signal pads on the interconnect pad. 
[0023] FIG. 9 is a functional block diagram of a work- 
ing example of leakage/short testing. 
[0024] FIG. 1 0ls an overview block diagram of the re- 
sistor firing operation. 40 
[0025] FIG. 11 illustrates an example of the fire pulse 
delay of the present invention. 

[0026] FIG. 1 2 illustrates the effect that a delay device 
has on an input signal. 

[0027] FIG. 1 3 is a plot of current versus time showing 4S 
an undeiayed fire signal. 

[0028] FIG. 1 4 is a plot of current versus time showing 
a delayed fire signal. 

[0029] FIG. 15 illustrates an example of the tntersec- 
tiona! delay of the present inventlcn. 
[0030] FIG. 16 is an example of how nozzle data is 
loaded into a register. 

[0031] FIG. 17 illustrates an ovewiew functional block 
diagram of the operation of the printhead assembly. 
[0O32] FIG. 18 illustrates an example of a single per- 55 
primitive power control. 

[0033] FIG. 1 9 is a detailed illustration of the per-prlm- 
itive address control of FIG. 18. 



[0034] FIG. 20 is a detailed illustration of the per-prim- 
itive data control of FIG. 18. 

[0035] FIG. 21 is a functional block diagram of an ex- 
ample of a communicaticns bkxk for controlling the 
printhead assembly internal communications. 
[0036] FIG. 22A illustrates a working example of a 
register write operation. 

[0037] FIG. 22B illustrates a working example of a 
register read operation. 

[0038] FIG. 23 illustrates a schematic of an exemplary 
energy control device. 

[0039] FIG. 24 illustrates a general flow diagram of a 
manufacturing calibration technique in accordance with 
the present invention. 

[0040] FIG. 25 illustrates a general flow diagram of a 
start-up calibration technique in accordance with the 
present Invention. 

[0041] FIG. 26 illustrates a general flow diagram of 
calibration during printer operation. 
[0042] FIG. 27 illustrates how operational calibratbn 
and printing occur 

[0043] FIG. 28 illustrates a flow chart of the general 
operation of the thermal control device of the present 
invention. 

[0044] FIG. 29 is a block diagram of an exemplary 
thermal control system of the present invention. 
[0045] FIG. 30 illustrates an exemplary warming de- 
vice system of the present invention. 
[0046] FIG. 31 is a detailed lliustratkxi of the nozzle 
drive bgic of FIG. 20 incorporating the warming device 
of FIG. 30. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0047] In the following description of the inventron, 
reference is nnade to the accompanying drawings, which 
form a part hereof, and In which is shown by way of il- 
lustration a specific example in which the invention may 
be practiced. It is to be understood that other embodi- 
ments may be utilized and structural changes may be 
made without departing from the scope of the present 
invention. 

I. GENERAL OVERVIEW : 

[0048] FIG. 1 A shows a block diagram of an overall 
printing system incorporating the present invention. The 
printing system 100 can be used for printing a material, 
such as Ink o.n a print .media, which can be paper. The 
printing system 1 00 is electrically coupled to a host sys- 
tem 106, which can be a computer or microprocessor 
for producing print data. The printing system 100 in- 
cludes a controller 110 coupled to an ink supply device 
1 1 2, a power supply 1 1 4 and a printhead assembly 1 1 6. 
The ink supply device 112 includes an ink supply mem- 
ory device 118 and is fluidicaliy coupled to the printhead 
assembly 116 for selectively providing ink to the print- 
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head assembly 116. The printhead assembly 116 in- 
cludes a processing driver head 120 and a printhead 
memory device 122. The processing driver head 1 20 is 
comprised of a data processor 124, such as a distribu- 
tive processor, and a driver head 126, such as an array 
of inkjet nozzles or drop generators. 
[0049] During operation of the printing system 100, 
the power supply 114 provides a controlled vottage to 
the controller 110 and the processing driver head 120. 
Also, the controller 110 receives the print data from the 
host system and processes the data into printer control 
information and image data. The processed data, image 
data and other static and dynamically generated data 
(discussed in detail below), is exchanged with the ink 
supply device 112 and the printhead assembly 116 for 
efficiently controlling the printing system. 
[0050] The ink supply memory device 118 can store 
various ink supply specific data, including ink identifica- 
tion data, ink characterization data, ink usage data and 
the like. The ink supply data can be written and stored 
in the ink supply memory device 118 at the time the ink 
supply device 112 is manufactured or during operation 
of the printing system 100. Similarly, the printhead mem- 
a ory device 1 22c aQ,st ore various printhead specific data , 
including_ printhead identification data, warranty da ta, 
printhead chara cterization data, printhead usage data , 
etc. This data can be written and stored in the printhead 
memory device 122 at the time the printhead assembly 
116 is manufactured or during operation of the printing 
.system 100. 

[0051] Although the data processor 1 24 can commu- 
nicate with memory devices 118, 122, the data proces- 
sor 1 24 preferably primarily communicates with the con- 
troller 110 in a bi-directional manner. The bi-directional 
communicatton enables the data processor 124 to dy- 
. namically fo nmulat ea nd perform its own nring ana tinriTh g 
\ operattOhs based on sensed and given operating info r- 
mation for regulating the tem perature o f, andjheenergy 
delivered to the processir Tg driver head 1 20. T h ese for- 
mula ted decisions are pref erably based on , among oth- 
er^lFings, sensed printhead temperatures serrg sti 



/a mount oT power suppiiea, real ume lesfs. and prepr o- 
gram med known optimal operating ranges , such a s 
t emperature and energy ranges, scan axis directioria lity 
^UQi^. As a result, the data processor 124 enables ef- 
ficient operation of the processing driver head 120 and 
produces droplets of ink that are printed on a print media 
to form a desired pattern for generating enhanced print- 
ed outputs. 

rnQC9i FIG. 1 B shows a block diagram of an overall 
printing system 100 incorporating the preferred embod- 
iment of the present invention. The data processor 124 
of the present invention further includes a firing control- 
ler 130, an energy control device 132, a digital function 
device 1 34 and a thermal control device 1 36. The driver 
head 126 further includes a warming device 138 and 
sensors 140. Although the firing controller 130, energy 
control device 132, digital function device 134 thermal 



control device 1 36, warming devrce 1 38 and sensors 
140 could be sub-components of oth r components, 
such as controller 110, in a preferred embodiment they 
are respective sub-components of the data processor 

5 124 and the driver head 126, as shown FIG. 1 B. 

[0053] The firing controller 130 communicates with 
the controller 110 and the driver head 126 (in another 
embodiment it also communicates with the printhead 
assembly memory devk:e 122) for regulating the firing 

'0 of resistors of associated nozzles 1 42 of nozzle member 
144. The firing controller 1 30 includes a firing sequence 
sub-controller 150 for selectivel y controlling the se - 
q uence of fire pulses, a firing delay sub-controller 152 
f or reducing electromagnetic interference (EMI) in the 
pjgcessina driver head IPQ and a fractional delay sub - 
co ntroller 154 forcompeng f^ting for snan axis direction- 
ality (SAD) errors of the driver head 126. 
[0054] The energy control device 132 communicates 
with the controller 1 1 0 and the sensors 1 40 of the driver 

20 head 1 26 for regulating the energy delivered to the driv- 
er head 126. Similarly, the thermal control device 136 
communicates with the controller 110 and the sensors 
140 and the warming device 138 of the driver head 126 
for regulating the thermal characteristics of the driver 

25 head 1 26. The thermal control device 1 36 accomplishes 
this by activating the warming device 1 38 when the sen- 
sors 140JndjcateJhayhed^ a 
th reshold temp erature. In another embodiment, energy 
and thernnal control devices 132, 136 also communicate 

50 with the printhead assembly memory device 122. The 
digital functions device 1 34 manages internal register 
operations and processing tasks of the data processor 
1 24. The firing controller 1 30, energy control device 1 32, 
digital function device 134, thermal control device 136, 

35 warming device 1 38 and sensors 1 40 will be discussed 
in detail below. 

Exemplary Printing System 

40 Structural Components 

[0055] FIG. 2 is an exemplary high-speed printer that 
incorporates the invention and is shown for illustrative 
purposes only. Generally, printer 200 can incorporate 

45 the printing system 100 of FIG. 1 A and further include 
a tray 222 for holding print media. When a printing op- 
eration is initiated, print media, such as paper, is fed into 
printer 200 from tray 222 preferably using a sheet feeder 
226. The sheet then brought around in a U direction and 

■50 travels in an opposite direction toward output tray 228. 
Other paper paths, such as a straight paper path, can 
also be used. The sheet is stopped in a print zone 230, 
and a scanning carriage 234, supporting one or more 
printhead assemblies 236 (an example of printhead as- 

55 sembly 1 16 of FIG. 1 ), is then scanned across the sheet 
for printing a swath of ink thereon. After a single scan 
or multiple scans, the sheet is then incrementally shifted 
using, for example, a stepper motor and feed rollers to 
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a next position within the print zone 230. Carriage 234 
again scans across the sheet for printing a next swath 
of ink. The process repeats until the entire sheet has 
been printed, at which point it is ejected Into output tray 
226. 

[0O56] The present invention is equally applicable to 
alternative printing systems (not shown) that utilize al- 
ternative media and/or printhead moving mechanisms, 
such as those incorporating grit wheel, roll feed or drum 
technology to support and move the print media relath^e 
to the printhead assemblies 236. With a grit wheel de- 
sign, a grit wheel and pinch roller move the media back 
and forth along one axis while a carriage carrying one 
or more printhead assemblies scans past the media 
along an orthogonal axis. With a drum printer design, 
the media is mounted to a rotating drum that is rotated 
along one axis while a carriage carrying one or more 
printhead assemblies scans past the media along an or- 
thogonal axis. In either the drum or grit wheel designs, 
the scanning is typically not done in a back and forth 
ruanner as is the case for the system depicted in FIG. 2. 
[0O57] The print assemblies 236 can be renrK>veably 
mounted or permanently mounted to the scanning car- 
riage 234. Also, the printhead assemblies 236 can have 
self-contained ink reservoirs (for example, the reservoir 
can be located within printhead body 304 of FIG. 3) as 
the ink supply 112 of FIG. 1. The self-contained ink res- 
ervoirs can be refilled with ink for reusing the print as- 
semblies 236. Alternatively, each print cartridge 236 can 
be fluidically coupled, via a flexible conduit 240, to one 
of a plurality of fixed or removable ink containers 242 
acting as the ink supply 112 of FIG. 1. As a further al- 
ternative, the ink supplies 112 can be one or more ink 
containers separate or separable from printhead as- 
semblies 116 and removeably mountable to carriage 
234. 

[0O58] FIG. 3 shows for illustrative purposes only a 
perspective view of an exemplary printhead assembly 
300 (an example of the printhead assembly 116 of FIG. 
1) incorporating the present invention. A detailed de- 
scription of the present invention folk)WS with reference 
to atypical printhead assembly used with a typical print- 
er, such as printer 200 of FIG. 2. However, the present 
invention can be incorporated In any printhead and print- 
er configuration. Referring to FIGS. 1 A and 2 along with 
FIG. 3, the printhead assembly 300 is comprised of a 
thermal Inkjet head assembly 302, a printhead body 304 
and a printhead memory device 306, which is an exam- 
ple of memory device 1 22 and discussed in detail in FIG. 

5 KolQ\*f ThQ thQrrrjQj hgarj aeegmhhi 302 CSn be S flex- 
ible material commonly referred to as a Tape Automated 
Bonding (TAB) assembly and can contain a processing 
driver head 310 (an example of processing driver head 
120 of FIG. 1) and interconnect contact pads 312. The 
interconnect contact pads 312 are suitably secured to 
the print cartridge 300, for example, by an adhesive ma- 
terial. The contact pads 308 align with and electrically 
contact electrodes (not shown) on carriage 234 of FIG. 



2. 

[0059] The processing driver head 310 comprises a 
distributive processor 31 4 (an example of the data proc- 
essor 1 24 of FIG. 1 ) preferably integrated with a nozzle 

s member 316 (an example of driver head 1 26 of FIG. 1 ). 
The distributive processor 314 preferably includes dig- 
ital circuitry and communicates via electrical signals with 
the controller 110, nozzle member 31 6 and vark>us an- 
alog devices, such as temperature sensors (described 

10 In detail below), which can be located on the nozzle 
member 316. The distributive processor 314 processes 
the signals for precisely controllingflring, timing, thermal 
and energy aspects of the printhead assembly 300 and 
nozzle member 31 6. The nozzle member 31 6 preferably 

fs contains plural orifices or nozzles 31 8, which can be cre- 
ated by, for example, laser ablation, tor creating ink drop 
generation on a print media. 

[0060] FIG. 4 is a detailed view of an exemplary inte- 
grated processing driver head of FIG. 3 showing thedis- 

20 tributive processor and the driver head of the printhead 
assembly. The elements of FIG. 4 are not to scale and 
are exaggerated for simplification. Referring to FIGS. 
1-3 along with FIG. 4, as discussed above, conductors 
(not shown) are formed on the back of thermal head as- 

25 sembly 302 and terminate in contact pads 31 2 for con- 
tacting electrodes on carriage 234. The electrodes on 
carriage 234 are coupled to the controller 110 and power 
supply 1 1 4 for providing communication with the thermal 
head assembly 302. The other ends of the conductors 

30 are bonded to the processing driver head 31 0 via termi- 
nals or electrodes 406 of a substrate 41 0. The substrate 
410 has ink ejection elements 416 fomned thereon and 
electrically coupled to the conductors. The controller 
1 1 0 and distributive processor 31 4 provide the ink ejec- 
ts tion elements 416 with operational electrical signals. 
[0061] An ink ejection or vaporization chamber (not 
shown) is adjacent each ink ejection element 416 and 
preferably located behind a single nozzle 31 8 of the noz- 
zle member 316. Also, a barrier layer (not shown) is 

40 formed on the surface of the substrate 41 0 near the va- 
porization chambers, preferably using photolithographic 
techniques, and can be a layer of photoresist or some 
other polymer A portion of the barrier layer insulates the 
conductive traces from the underlying substrate 410. 

4S [0062] Each ink ejection element 416 acts as ohmic 
heater when selectively energized by one or more puls- 
es applied sequentially or simultaneously to one or more 
of the contact pads 312. The ink ejection elements 416 
may be heater resistors or piezoelectric elements. The 

^0 nozzles 318 m.ay be of any size, number, and pattern, 
and the various figures are designed to simply and clear- 
ly showthe features of the invention. The relative dimen- 
sions of the various features have been greatly adjusted 
for the sake of clarity. 

55 [0063] As shown in FIG. 4, each ink ejection element 
41 6 is a resistor. Each resistor 41 6 is allocated to a spe- 
cific group of resistors, hereinafter referred to as a prim- 
itive 420. The processing driver head 310 may be ar- 
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ranged into any number of multiple subsections with 
each subsection having a particular number of primi- 
tives containing a particular number of resistors. 
[0064] In the exemplary case of FIG. 4, the processing 
driver head 310 has 524 nozzles with 524 associated s 
firing resistors. There are preferably thirty-six primitives 
in two columns of 1 8 primitives each. The center sixteen 
primitives in each cclumn have 16 resistors each, while 
the two end primitives in each column have three resis- 
tors each. Thus, the sixteen center primitives have 512 
resistors while the four end primitives have 1 2 resistors, 
thereby totaling the 524 resistors. The resistors on one 
side all have odd numbers, starting at the first resistor 
(R1 ) and continuing to the third resistor (R3), fifth resis- 
tor (R5) and so on. The resistors on the other side all 
have even numbers, starting at the second resistor (R2) 
and continuing to the fourth resistor (R4), sixth resistor 
(R6) and so on. 

[0065] Consequently, the processing driver head 310 
is arranged into four similar subsections or quadrants 
(Q1 -Q4) with each quadrant having eight primitives (for 
example, Q1 has primitives P3-P1 7) of 1 6 resistors each 
and one primitive (PI ) with three resistors (R1 , R3, R5). 
When placed in the printer carriage 234, the printhead 
assembly is aligned such that the ink ejected from the 
second nozzle by R2 will print ink dots printed on the 
print media between ink dots printed by R1 and R3. 
Thus, in general, the ink dots printed by resistor N will 
fall on the print media between the ink dots printed by 
resistor N-1 and resistor N+1 . 
[0066] In a preferred embodiment, the processing 
driver head is also divided into power subsections for 
the purpose of power delivery to the resistors 41 6. Pow- 
er pads 406 PP among pads 406 are positioned for effi- 
ciently delivering power to the power subsections with 
minimum parasitic energy losses. In the exemplary em- 
bodiment depicted by Fig. 4, each of quadrants Q1 
through Q4 is a power subsection, with power pads 
406PP1 to 406PP4 providing power to quadrants Q1 to 
Q4, respectively. By positkxiing the power pads 406PP 
at the four corners (in close proximity or proximate to 
the power subsections) of the substrate, the power loss- 
es through connecting power traces is minimized. Pref- 
erably the power pads 406PP are widened to for the 
conduction of relatively high current levels. Preferably 
even wkJer ground pads 406G are provkJed for the re- 
turn current from the power subsections, with a ground 
pad located between power pads 406PP1 and 406PP2 
carrying return current for quadrants Q1 and Q2 and the 
Qfj-igr ground pad located between power pads 406PP3 
and 406 PP4 carrying return current for quadrants Q3 
and Q4. Of course, other power distribution arrange- 
ments are possible, such as combining pads 406P1 and 
406 P2 into one pad, changing the size of the subsec- 
tions that are powered by particular power pads. etc. 
[0O67] I n one embodiment, within each center sixteen 
nozzle primitive there is a micro stagger, such as 3.75 
microns. In other words, the first nozzle of a particular 



primitive is 3.75 microns closer to the center of the head 
310 than the last nozzle in the partk:ular primitive. This 
allows the firing cycle to complete and allows margin for 
jitter. Jitter is timing error of encoder pulses associated 
with carriage 234 vibration. The micro stagger enables 
the printhead assembly 1 16 to fire ail nozzles in a prim- 
itive in roughly 90% of the firing cycle, thereby leaving 
approximately a 10% jitter margin. 
[0068] In the example processing driver head 310 of 
FIG. 4, this micro stagger produces 512 resistors that 
are slanted or skewed. As a result, the printhead assem- 
bly is preferably rotated with respect to the paper axis 
to compensate for the skewed resistors. In non-skewed 
printhead assemblies, the printhead assemblies are 
aligned with the printhead assembly axis parallel to the 
print media axis. In contrast, in this embodiment, the 
printhead assembly 116 is suitably rotated (for a 3.75 
micro stagger, the rotation is preferably arctan 1/32 or 
1 .79 degrees). 

[0069] Consequently, when the printhead assembly 
with micro staggered resistors is inserted into the car- 
riage 234, it will be tilted such that a vertk^al column 
printed by a stationary printhead is skewed by 1 .79 de- 
grees from vertical. Since it is desirable to print a vertical 
line with a moving slanted printhead, the resistors must 
be fired in a sequence with the leading resistors In each 
column firing first. As the printhead moves back and 
forth across the print media, the resistor that is leading 
will subsequently change, and hence the firing se- 
quence changes. The firing sequence is controlled by 
the controller and processing driver head and will be dis- 
cussed in detail below. 

Operation and Function 

[0070] FIG. 5 is a block diagram illustrating the inter- 
action between the distributive processor and the other 
systems of the printing system. The distributive proces- 
sor 314 communicates with the controller in a bi-direc- 
tional manner over a bi-directional data line (box 510). 
The controller sends commands to the distributive proc- 
essor (box 520) and receives and processes signals, 
such as status signals, from the distributive processor 
(box 530). The distributive processor 314 also receives 
sensor signals from sensors 540 located on the driver 
head 310. The sensors can also be connected to the 
controller via a direct connection or through the printer's 
memory device for continuously updating the controller 
In addition, the controller sends the printhead assembly 
organizational data over different channels (boxes 560 
and 570), such as even and odd nozzle data, respec- 
tively. Further, a firing sequence for firing the nozzles 
(for example, enable signals) is received by the distrib- 
utive processor (box 580), as well as a signal to begin 
this firing sequence (for example, a fire signal) (box 
590). 

[0071] The distributive processor 314 makes deci- 
sions and actions based on rts input signals. For exam- 
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pie, firing, timing and pulse width decisions are made by 
the distributive processor for correcting scan axis direc- 
tionality errors, compensating for parasitic resistances, 
reducing electromagnetic interference and intelligently 
switching between print modes. 
[0072] FIG. 6 is a schennatic diagram illustrating the 
overall functional and interaction between the compo- 
nents of FIGS. 3-4 operating In an exemplary printing 
environment. A printer controller 610 is coupled to a 
memory device 612 and an ink level sensor 614 of an 
ink supply device 616, a power supply 618, a memory 
device 620, a processing driver head 622 and sensors 
623 of a printhead assembly 626, a printhead carriage 
627 and an encoder strip 632 via a detector 630. 
[0073] The ink supply device 61 6 is fluidically coupled 
to the printhead assembly 620 for selectively providing 
ink to the printhead assembly 620. The processing driv- 
er head 622 is comprised of a data processor 624, such 
as a distributive procession, and a driver head 629. such 
as an array of Inkjet nozzles or drop generators for eject- 
ing ink drops 628. The sensors 623 can be temperature 
sensors (discussed in detail below) for controlling the 
energy delivered to, and the temperature of, the print- 
head assembly 626. The detector 630 detects a position 
of printhead assembly 626 and printhead carriage 627 
relative to the encoder strip 632, formulates position sig- 
nals and sends the position signals to the controller for 
indicating an exact relative positbn of the printhead as- 
sembiy 626. A transport motor 634 is coupled to the con- 
troller 610 and the printhead assembly 626 for position- 
ing and scanning the printhead assembly 626. 
[0074] During operation of the printing system 600, 
the power supply 618 provides a controlled voltage or 
voltages to the printer controller 61 0 and the processing 
driver head 622. The data processor 624 can commu- 
nicate with the controller 610 in a bi-directional manner 
with serial data communications. The bi-directional 
communication enables the data processor 624 to dy- 
namically formulate and perform its own firing and timing 
operatk)ns based on sensed and given operating infor- 
mation for regulating the temperature of, and the energy 
delivered to the printhead assembly 626. These formu- 
lated decisions are based on printhead temperatures 
sensed by the sensors 623, sensed amount of power 
supplied, real time tests, and preprogrammed known 
optimal operating ranges, such as temperature and en- 
ergy ranges, scan axis directionality errors, etc. Moreo- 
ver, serial communications allows the addition of noz- 
zles without the inherent need to increase leads and in- 
terconnections. This reduces the expense and the com- 
plexity of providing internal communications for the 
printhead assembly 626. 

Component Details 

[0075] The printhead assembly of the present inven- 
tion includes both complex analog and digital devices 
(such as microelectronic circuitry) communicating with 



the distributive processor. Communication between the 
digital and analog devices and the distributive processor 
allows proper control and monitoring of the processing 
driver head, such as enabling tests to be performed. 

5 sensed data to be interpreted, and the processing driver 
head to be calibrated, among other things. For instance, 
the distributive processor of the printhead assembly can 
receive stored or sensed data from other devices for 
controlling and regulating fire pulse characteristics, reg- 

10 ister addressing (as well as the loading of fire data Into 
these registers), error correction of ink drop trajectory, 
processing driver head temperature, electromagnetic 
interference, nozzle energy, optimal operating voltage 
and other electrical testing of the printhead assembly. 

75 

Electrical Testing 

[0076] In order to ensure optimal performance of the 
printhead assembly, one of the functions that the distrib- 
20 utive processor can perform is electrical testing. Types 
of electrical tests include continuity testing, short testing 
and determination ot proper energy levels within the 
printhead assembly. Preferably, this electrical testing is 
performed prior to operation of the printhead assembly 
2S in order to verify that the system is within acceptable 
tolerances. Electrk^al testing ensures that full control of 
the printhead assembly can be maintained and prevents 
unpredictable behavior and possible damage to the 
printhead assembly and printing system. For example, 
30 if proper electrical connections are not maintained be- 
tween the signal pad and the printing system the print- 
head assembly will behave unpredictably and may lead 
to uncontrolled nozzle firing. 

[0077] As shown in FIG. 7, various types of electrical 
35 testing of the printhead assembly 71 0 are facilitated by 
the distributive processor 720. Process 730 Is continuity 
testing of the printhead assembly 710 using reverse bi- 
ased junctions. Process 740 is continuity testing of the 
signal pad contained on the processing driver head (not 
40 shown). Further, process 750 is testing for leaks and 
shorts within the printhead assembly. Each of these 
processes are discussed further below. 

Continuity Testing 

45 

[0078] One type of electrfcal testing that may be per- 
formed by the distributive processor is continuity testing 
of electrical connections. Continuity testing examines 
the electrical path between components to make sure 

50 that the path is not disrupted or damaged and that no 
intermittent connections exist. If certain connections 
were to become disconnected before the resistor power 
was turned off, then full power could be delivered to the 
resistors for extended periods. This situatbn could per- 

55 manently damage the resistors. Intermittent and kx>se 
connections can be caused by mechanical vibrations of 
the printing system or when papers jams displace the 
printhead assembly body off the interconnects with the 
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printing system. Therefore, it is important to perform 
tests that determine acceptable continuity between 
components so that electrical signals will properly travel 
over the connecttons. 

[0079] As shown in FIG. 7, process 740, one type of 
continuity testing that the present invention can perform, 
is built-in signal pad continuity testing. The signal pads 
are electrical connections that interconnect components 
of the printing system and the printhead assembly. 
[0080] Referring back to FIG. 4 along with FIG. 7, a 
working example of buitt-in signal pad continuity testing 
is exemplified. In this example, the processing driver 
head 314 has a plurality of nozzles 416 located within 
sectional areas Q1 , Q2. Q3, Q4 of the processing driver 
head 31 4, such as on opposite sides of the processing 
driver head 314. One side can be labeled with even 
numbered nozzles and the opposite side with odd num- 
bered nozzles. In addition, the processing driver head 
314 can have top and tsottom interconnect pads 406. 
Each individual pad within the interconnect pads 406. 
with the exception of logic ground pads, are connected 
to a substrate through N/P semiconductor junctions. 
The logic ground pads have chmic contacts to the sub- 
strate. 

[0081] The printhead assembly can be divided into 
sections, groups or sets, with each section, group or set 
typically including a plurality of nozzles 41 6. The power 
required to eject ink drop from these nozzles 416 is de- 
livered to each section through the signal pads. After the 
power has been delivered to each section the power cir- 
cuit is completed by routing the power to ground through 
ground pads. 

[0082] The bottom interconnect pad of the Integrated 
processing driver head contains plural signal pads 
whose continuity may be tested to ensure proper oper- 
ation. These signal pads can include (from left to right) 
a data input pad for even nozzle data (ED ATA pad), a 
master clock input pad (MCLK pad), a command/status 
data Input/output pad (CSDATA pad), a resistor fire 
pulse input pad (nFIRE pad), a column synchronization 
signal input pad (nCSYNCH pad) and an data input pad 
for odd nozzle data (ODATA pad). 
[0083] FIG. 8 is a flow diagram of the continuity testing 
of the six signal pads located on the bottom interconnect 
pad. In process 610, each of these six signal pads is 
connected to the source of an internal semfconductor 
device, such as a PMOS pull-up device. Process 820 
connects the drain of this pull-up device to a VDD pad 
(5-voft logic supply) and process 830 connects the gate 
Q-f tho pul'-up device to a VGG pad (12-vo!t supply for 
the transistor gate voltage). As noted earlier, the advan- 
tage this arrangement is that limited continuity testing 
on the signal pads may be performed without the need 
for a negative supply voltage. 

[0084] Continuity testing is effected in process 840 by 
first turning off the power supplies to the resistors. As 
shown in FIG. 4, there are four pads on the printhead 
assembly that supply power to the resistors. Located at 



the top interconnect pad are a VPP-n_ pad (resistor pow- 
er supply pad for even primitives 2 through 18) and a 
VPPjf) pad (resistor power supply pad for odd primitives 
1 through 17). Similarty situated at the bottom intercon- 
5 nect pad are a VPPgL pad (resistor power supply pad 
for even primitives 20 through 36) and a VPPgR pad (re- 
sistor power supply pad for odd primitives 1 9-35). In ad- 
dition, any analog power supplies such as a VI 2 pad 
(1 2-volt clean power supply for the analog circuitry) k> 
cated at the top interconnect pad (shown In FIG. 4) must 
be turned off. Turning off both the resistor and analog 
power supplies avoid any damage to the printhead as- 
sembly in case of contact with a defective electrical con- 
nectk)n. 

[0085] In process 850 a VCC pad (1 2-volt logic sup- 
ply) Is driven to 2 volts or lower (with ground preferred). 
The VDD supply is turned on in process 860 and the 
pull-ups are then operational. Alt of the inputs to the six 
signal pads are pulled bw externally in process 670 to 
test whether the printhead assembly will reset. Assum- 
ing proper continuity the printhead assembly will be 
forced into the reset state in process 880 and this indi- 
cates that the pad continuity is acceptable. However, if 
the printhead assembly is not forced into the reset state, 
as in process 890, then the pad continuity Is faulty and 
repairs must be made prior to the operation of the print- 
head assembly. Each pull-up device will source a max- 
imum of 2.75 milliamps when a respective pad is pulled 
tow and each pull-up will drive a 100 picoFarad capac- 
itive load from 0-volts to 4-volts in a maximum of 1 .0 
microsecond. In normal printhead assembly operation 
the VCC pad will be at 1 2-volts and all of the signal pad 
pull-up devices will be off. 

[0086] As shown In FIG. 7, process 730. another type 
of continuity testing that the present invention can per- 
form is reverse biased junctions continuity testing. In 
general, reverse biasing occurs when a voltage, applied 
to a junction to be tested, has a polarity such that the 
current at the junction Is close or equal to zero. Typically, 
most of the signal pads are connected to ground through 
semiconductor junctions. As such, the continuity of the 
signal pads Is tested by reverse biasing the pads and 
analyzing the voltage and current flow through the junc- 
tion. If continuity Is present, the junction will f onward bias 
and the current will increase. If. however, the electrical 
path has been disrupted no current will flow through the 
junction. 

[0087] As an example, first, all pads on the printhead 
assembly can be grounded. In this example, most of the 
pads on the p rinthsad asssrr^bly are connected to a sub- 
strate through N/P semiconductor junctions. Nonmal op- 
eration provides reverse biasing for the semiconductor 
junctions because the substrate is the ground (the low- 
est potential) on the printhead assembly. 
[0088] The continuity of each pad can be tested by 
bringing each pad to a negative voltage (for example, 
lower than -1 volt), while the current in the pad is limited 
to a minimum sensitivity of a current measuring device. 
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In this example, the minimum current is 100 microamps. 
Continuity is present in a pad when the senniconductor 
junction forward biased and supplied greater than 100 
microannps. In contrast, pads with an open connection 
not having current flowing through the junction, indi- 
cates that the electrical path of that circuit is disrupted. 

Leakage/Short Testing 

[0089] As shown in Fl G. 7, process 750, another type 
of testing that may be performed by the distributive proc- 
essor is leakage/short testing. Shorts can occur if the 
ink is allowed to connect two or nrtore conductors togeth- 
er. This may occur outside the printhead assembly at 
connection points between the printhead assembly and 
the printing system, on the printing system flex circuit, 
the printhead assembly flex circuit or within the print- 
head assembly as a result of a materials failure. The 
processing driver head power supply can delivery large 
amounts of power, and thus, an ink short can damage 
the printing system and even cause a fire hazard. There- 
fore, it is critical to prevent and detect any electrical leak- 
age and shorts within the printhead assembly and at the 
printhead assembly/printing system interfaces. 
[0090] A preferred embodiment of the invention in- 
cludes a testing for leakage and shorts during and after 
insertion of the printhead assembly into the printing sys- 
tem and at the time printhead assembly is turned on. 
This testing checks for leakage and shorts In, for exam- 
ple, power leads, ground lead and digital lines. 
[0091] FIG. 9 is a functional b\ock diagram of a work- 
ing example of leakage/short testing. Process 905 
shows that testing occurs during the insertion of the 
printhead assembly into the printing system, process 
910 shows that testing also occurs after insertbn and 
process 915 shows that testing occurs whenever the 
system is turned on. Although FIG. 9 shows the follow- 
ing processes occurring in a particular order it should 
be noted tfiat they may occur in any order and even si- 
multaneously. Frocess 920 tests the power pad supply 
voltage (Vpp) to ground. Process 920 is kxiking for an 
out of regulation conditk)n in the feedback line of Vpp. If 
an out of regulation condition is found the test is failed 
and, in this example, process 925 returns an error mes- 
sage to the printing system and the controller is notified 
927 and the power Is preferably shut down 929. If the 
test is passed, the next test is run 
[0092] Process 930 tests for power leads to ground 
leakage and shorts. In this example, the printhead as- 

oAmKK« hoe Q *^_\f#-»lt or»H a 1 0_tf/^H rsr\\ue%r loarl r>nm\rtn 

from linear regulators, if any leakage or short is detected 
process 925 returns an error message. Otherwise, proc- 
ess 935 begins testing the power lead to Vpp connection 
to make sure that no leakage or short exist. Once again, 
if this Is failed process 925 returns an error message 
and if the test is passed the next test Is performed. 
[0093] Process 940 performs testing of the digital 
lines within the printhead assembly. The severity of this 



type of short is difficult to define because the leakage 
current and the amount of lines shorted together need 
to be known. However a threshoki value is defined and 
this value is compared to the resistance that is found by 
s process 940. If the m asured valued exceeds tfie 
threshold value thetest is failed and process 925 returns 
an error message. Otherwise, process 945 indicates 
that the leakage/short test has been passed. 
[0094] Leakage/short testing may be also be imple- 
10 mented such that when an error is detected the distrib- 
utive processor or controller automatically shuts down 
power to the printhead assembly This type of imple- 
mentatbn helps protect the printing system from the 
leakage and shorts of the printhead assembly. In addl- 
es tion, in multiple printhead assembly appllcatbns this 
testing can be implemented to determine which print- 
head assembly is bad. Thus, if a print process is can- 
celed because of a bad printhead assembly the printing 
system will be notified as to which printhead assembly 
20 cause the problem. 

II. ENERGY LEVEL DETERMINATION 

[0095] The distributive processor may also determine 

25 the proper operating energy levels for the printhead as- 
sembly Several components and systems within the 
printhead assembly have a minimum operating as well 
as a maximum operating temperatures and voltages, 
and the distributive processor helps to maintain the 

30 printhead assembly within these boundaries. Maximum 
operating temperatures are established assure print- 
head reliability and avoid print quality defects. Similarly, 
maximum power supply voltages are established to 
maximize printhead life. 

35 [0096] One type of energy level determinatbn is the 
determination of the operating voltage of the printhead 
assembly. Preferably, the operating voltage is deter- 
mined at the time of manufacture and is encoded in the 
assembly memory device. However, after the printhead 

40 assembly is installed in a printing system a somewhat 
higher power supply voltage is required in order to de- 
liver the proper operating voltage to the printhead as- 
sembly because of additional parasitic resistance intro- 
duced by connection to the printing system. This voltage 

45 must be high enough to supply the proper voltage to the 
printhead assembly but be below the maximum power 
supply voltage. Thus it is important that the power sup- 
ply voltage be adjustable in the printer 
[0097] The optimal operating voltage is determined by 

.50 fjret finding the turn-on energy (TOE) of the printhead 
assembly. The TOE is the amount of energy that is just 
adequate to cause drop ejection from the nozzles of the 
printhead assembly. At the time manufacture the TOE 
is determined by applying a high amount of energy and 

55 observing a drop ejection. The TOE is then gradually 
reduced until drop ejectbn ceases. The TOE point is 
that energy just above the point where drop ejection 
ceases. This TOE together with an over energy margin 
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is then used to find the operating voltage and this volt- 
age is written to the printhead assembly memory device. 
[0098] I n a preferred embodiment the optimal operat- 
ing voltage is adjusted so as to achieve an energy level 
approximately 20% over the turn-on energy (TOE). This 
energy level is given by: 

Energy = power * time 

where the pulse width of the fire pulse is the measure 
of time. The power Is given by: 

power = / r 

where r= resistance of the printhead assembly and 
V=operatlng voltage. In this example by setting the en- 
ergy value equal to 20% greater than the TOE the opti- 
mal operating voltage may be found. 

Resistor Firing 

[0099] The distributive processor of the present in- 
vention controls some firing sequences of the resistors. 
This arrangement allows the distributive processcr to re- 
arrange and parse data and fire pulses to optimize the 
ink ejection process under a variety of conditions. Some 
of the operations that can be controlled and varied ac- 
cording to the conditions are: (a) the firing sequence of 
the fire pulses; (b) firing delay circuitry (to reduce elec- 
tromagnetic interference); (c) input data to the nozzles; 
and fractional dot delays (to reduce the effects of scan 
axis directionality errors). 

Resistor Firing Sequence 

[0100] FIG. 1 0 is an overview flow chart of the resistor 
firing operation. In process 1010 the registers are first 
initialized prior to loading them with data. This clears the 
register memory so that new firing data can be loaded. 
Process 1 020 programs the registers with command da- 
ta. This command data may include any type of data 
that enables the printhead assembly to control the firing 
of the resistors. For example, command data may in- 
clude maximum allowable nozzle temperature, energy 
controlled setpoint information and sequencing and ad- 
dressing information. After the registers are pro- 
grammed with the command data process 1030 begins 
loading the print data into the registers. 
[0101] In process 1040 the firing sequence is estab- 
lished. Numerous firing sequences are possible for each 
primitive since each sequence is based on completely 
Independent variables. As discussed above, a primitive 
Is a grouping of resistors, in general at least four inde- 
pendent variables are used permitting at least 256 pos- 
sible firing sequences for each primitive. Process 1 040 
also Includes loading each nozzle firing sequence into 



the registers and Is discussed further below. After the 
firing sequence has been loaded process 1050 exe- 
cutes the firing sequence and begins the actual printing 
process. 

s [01 02] Although the number and type of independent 
variables for the firing sequence may differ between 
printing systems and print processes, one embodiment 
of the invention includes four variables including a nrxxie 
variable, an acdress count start variable, a direction var- 

10 iable and a fractional delay variable. The mode variable 
alerts the printhead assembly to what type of resolution 
is required of the print process. As an example, the 
mode variable may have two options of a 600 dpi (dots 
per inch) mode and a 1200 dpi mode. Using the current 

IS temperature sensed, a thermal response model of the 
printhead assembly and a maximum permissible 
processing driver head temperature (which can be b- 
cated in the printhead assembly memory device or the 
printer), the controller determines whether the printing 

20 operation in the selected mode will keep the printing pa- 
rameters (such as temperature) within an acceptable 
range. 

[0103] If not, then the mode variable can be switched 
to a suitable print mode. One unique feature of the in- 

25 ventlon is that changing a firing sequence in a primitive 
only requires changing the sequence in which address- 
es are generated. For example, the address start vari- 
able notifies the printhead assembly where to find the 
registers to be accessed. Preferably the addresses are 

30 Incremented such that they are adjacent each other and 
the address start variable may be any address desired. 
By changing the startirg address the firing sequence al- 
so can be changed. If. for example each nozzle has a 
fixed 4-bit address with the top resistor in each primitive 

35 having an address of "O" and the bottom resistor having 
an address of "15", simply changing the starting address 
variable would result in the gen oration of a different firing 
sequence. The ability to choose the firing sequence pro- 
vides control over vertical alignment and switching print 

40 modes. 

[0104] The firing sequence may also be changed by 
the direction variable. This variable tells the printhead 
assembly which side of the printhead assembly Is lead- 
ing as the printhead assembly scans back and forth 
45 across the page. For example, in a preferred embodi- 
ment nozzles are divided Into an even and an odd skie 
and the direction variable equals "0" if the odd nozzle is 
on the leading edge and set to '1 " if the even nozzle is 
on the leading edge of the printhead assembly. 

$0 

Fire Pulse Delay 

[0105] Consistent advances in printhead design now 
permit more ink-firing nczzles to be implemented on a 
55 single printhead. This increase In the number of nozzles 
has Increased swath width, and therefore print speed. 
As the number of nozzles is Increased, however, prob- 
lems arise when nozzles are triggered so that an ink 
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drop is ejected Cfiring'). The firing of each nozzle re- 
quires the switching on and off of a large amount of elec- 
trical current in a short amount of time. This "switching" 
(referring to the switching off and on of the nozzle cur- 
rent) of a large number of nozzles sinnultaneously gen- 
erates undesirable electromagnetic radiation interfer- 
ence (EMI). The EMI generated by nozzle switching 
causes the wiring within the printing system to act as an 
antenna. EMI is undesirable because it interferes with 
Internal components of the printing system and other 
electric devices and appliances not associated with the 
printing system (e.g. computers, radios and television 
sets). This interference with other systems also can 
hamper approval from regulatory agencies (e.g. the 
Federal Communications Commission (FCC)) that set 
electrical emission standards for electric devices. 
[0106] The present invention reduces unwanted EMI 
without increasing system cost and without adding sys- 
tem constraints. The invention accomplishes this by 
staggering over time the switching of nozzles within the 
printhead assembly. Because fewer nozzles are being 
switched off and on at any given time, EMI is reduced 
without the disadvantages of existing EMI reduction 
methods. 

[01 07] In one embodiment, the distributive processor 
and a delay device (e.g. an analog delay) are used to 
provide the delay. Afire pulse, which Is composed of a 
fire signal (a signal commanding the nozzle to eject an 
ink drop) and an enabling signal (a signal containing at 
least one pulse for instructing the nozzle how long to 
switch on) is routed through the delay device. The print- 
head assembly is divided into sections (each section 
containing a number of primitives) and each primitive 
(except the first primitive) has a delay device that the 
fire pulse and enable pulse must go through. In order to 
further reduce EMI the present invention also uses an 
additional delay called an intersectional delay. This in- 
tersectional delay delays the fire pulse an additional 
amount before the pulse is passed between sections. 
[0108] FIG. 11 illustrates an example of the fire pulse 
delay of the present inventbn. In this example, the 
processing driver head Is divided Into plural sections. 
One such arrangement is having the sections divided In 
a manageable, yet efficient, manner, such as quadrant 
sections. Each quadrant can include nine primitives 
(grouping of resistors), eight anabg delay devices (one 
for each primitive, except the first primitive) and one en- 
ergy control block 1110. The energy control block 1110 
is discussed in detail below. For convenience, FIG. 11 
shows only tour of the nine primitives within a quadrant 
1100. 

[0109] As shown in FIG. 11, the energy control block 
1110 within the quadrant 1100 receives a fire signal 
1115. The quadrant 11 00 also receives an enable signal 
1120. The fire signal 1115 and enable signal 1120 are 
sent in parallel to each primitive within the quadrant 
1 100. Initially, the fire signal 1115 and the enable signal 
1 1 20 are received undelayed by the first primitive power 



control 1130. As explained In detail below, each primlt rve 
power control uses an address control block and a data 
control block to control how each nozzle is fired over 
time. The first primitive power control 1130 Is a short 

s primitive (meaning that the primitive contains fewer noz- 
zles than the other primitives). This first primitive power 
control 1130 receives the undelayed fire signal 115 and 
the enable signal 1 1 20 and passes them through the fire 
pulse delay 1140. 

10 [0110] Both the fire signal 1115 and the enable signal 
1 1 20 are routed Into fire pulse delays 1 1 40 prior to send- 
ing them to the second per-prlmrtlve power control 1 
145. Similarly, the next fire pulse delay 1150 delays the 
fire signal 1115 and the enable signal 1 1 20 before send- 

15 ing them to the third per-prlmit'rve power control 1155. 
Finally, the fire pulse delay 1160 delays the fire signal 
11 15 and the enable signal 1120 before they are sent to 
the fourth per-prlmrtlve power control 1165. This proce- 
dure continues until the fire signal 1115 and the enable 

20 signal 1 1 20 have reached all of the primitives within the 
quadrant 1100. 

[0111] The delay device can be any suitable mecha- 
nism for delaying the signal, such as a phase-locked 
kx)p, a precision reactive/capacitlve (RC) time constant 

25 using for example, a pair of Inverters, a reference 
threshold operational amplifier, a delay tine and conven- 
tional methods for creating a delay. 
[0112] FIG. 12 illustrates the effect that a delay device 
has on an input signal (e.g. the fire signal 1115 and the 

30 enable signal 1120). In this example, each input signal 
represents both the fire signal 1115 and the enable sig- 
nal 1120 being sent to a respective primitive. Signal 
1210 Is an undelayed signal and is the first fire signal 
1120 and enable signal 1120 to be received at a first 

35 primitive. Signal 1 220 has been passed through a delay 
device and is received at another primitive slightly later 
In time from the signal 1210. Signal 1230 has been de- 
layed n times and an nth primitive receives signal 1230 
after the first and second primitives receive signals 1 21 0 

40 and 1220, respectively. 

[Oil 3] FIG. 1 3 is a pfot of current versus time showing 
a typical fire signal for a plurality of nozzles without any 
delays. The time / represents a short period of time and 
the current c represents the large amount of current re- 

45 quired to simultaneously fire each nozzle receiving the 
fire signal. As can be seen from FIG. 1 3, the current rises 
and falls without delays. 

[01 1 4] FIG. 1 4 is a plot of current versus time showing 
a fire signal with delays In accordance with the present 

ual Steps of the fire signal and indicate that fewer noz- 
zles are beginning ortemnlnating firing at any given time. 
FIG. 14 shows that the current rises and falls gradually 
with delays in contrast to the case without delays, as in 
55 FIG. 1 3. In addition, staggering the fire signals reduces 
the generatbn of unwanted EMI. 
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intersectionat Delay 

[01 1 5] As discussed above with regard to Fl G. 11 . the 
fire signal 1120 and enable signal 1120 (hereinafter re- 
ferred to as a 'fire pulse") are sent to all of the quadrants 
or sections on the processing driver head. One further 
way the present invention eliminates EMI effects is by 
delaying (either synchronously or asynchronously) the 
fire pulse (or portions of the fire pulse with either the fire 
signal, the enable signal or both) using an "intersection- 
al delay" between each section of the processing driver 
head. 

[0116] FIG. 1 5 illustrates an example of the intersec- 
tional delay of the present invention. In this example, the 
processing driver head 1 500 is divided into four sections 
referred to as quadrants. Each section includes nine 
primitives (eight full-sized and one short primitive). Each 
section receives as input a fire pulse and delays the fire 
pulse (or components thereof) between sections. This 
intersectionat delay is in addition to the fire pulse delay 
between the primitives within each section. 
[0117] The fire pulse is received by the section 1500 
and sent to the first section 1 51 0 in the lower left quad- 
rant. This fire pulse to the first section 1510 is not de- 
layed. The fire pulse travels to the first intersectional de- 
lay 1520 where the fire pulse is delayed before being 
sent to the second section 1 530. The second section 
1530 in the lower right quadrant send the fire pulse to 
the second intersectional delay 1540 and then to the 
third section 1550 located in the upper right quadrant. 
After travelling through the third intersectional delay 
1560 the fire pulse is received by the fourth section 
1570. 

[0118] Preferably, each of the intersectional delays 
delay the fire pulse by some fraction of the master clock 
signal (MCLK). For example, a half cycle of MCLK (a 
half -clock cycle) can be used in each of the intersection- 
al delays. In this case, the fire pulse would be delayed 
when passing between sections (except the first sec- 
tion) by one-half of a MCLK cycle. Although this example 
divided the processing driver head into four sections, 
those skilled In the art will recognize that a fewer or 
greater number of sections may be used. 
[0119] There are additional possible firing delay se- 
quences that can effectively reduce or eliminate prob- 
lematic EMI emissbns. As another example, consider a 
substrate similar to Fig. 4 except that it may have a dif- 
ferent number of primitives and nozzles. The firing re- 
sistors may be arranged near the edge of the substrate 

ir\ Cin A \^r*^^r*.rA *>\f^r-r\r ♦/% tK^ ^^r»*/%^ tKr* ir»i 

cia III I ly. -r \J\ iw\^caic^u \\* ii iu» \«t>iii\^i vi \\\%* ^vtw 

strate. In this example, the primitives are divided into 
groups of primitives numbered groupO, groupl , group2, 
etc.. The fire pulse first reaches the groupO primitives 
without going through any delays. Before reaching the 
groupl primitives, the fire pulse goes through 1 delay 
element. Is goes through 2 delays before reaching 
group 2, etc., and n delays before reaching group n. In 
a more particular example, primitives 1 and 2 are in 



groupO, primitives 3 and 4 are in groupl. etc. In this ex- 
ample, pairs of primitives are energized simultaneously. 

Processing Driver H ad Data 

5 

[01 20] Before a print operation can be performed data 
must be sent to the processing driver head. This data 
includes, for example, nozzle data containing pixel in- 
formation such as bitmap print data.. Bi-directksnal com- 
munication occurs between the controller and process- 
ing driver head using the Command/Status (CS) data. 
The status data of the CS data includes, for example, 
processing driver head temperature, error notification 
and processing driver head status (such as the current 

75 print resolution). In the present invention CS data is 
transferred bi-directionally over multiple multi-bit (e.g. 
eight-bit) buses. Bus architecture was chosen to mini- 
mize EMI due to the fast switching of signals having 
large capacitive k)ads. Preferably, the processing driver 

^0 head divides the nozzles into even nozzles on one side 
of the processing driver head and odd nozzles on the 
other. Both the even and the odd nozzles have their own 
bus (i.e. even data bus and odd data bus). In additbn, 
CS data has its own bus. Providing a bus for the CS data 

^5 permits the printhead assembly to provide CS data to 
the printing system during printing. 
[0121] For each printing operation the printing system 
sends nozzle data to the processing driver head This 
nozzle data is sent in serial format and may be divkled 

30 into two or more sectkwis (for example, even and odd 
nozzle data). Independent of nozzle data, command da- 
ta may be written to and status data read from the 
processing driver head over the serial bi-directional CS 
data line. The CS data within the processing driver head 

35 are distributed to the appropriate registers over the mul- 
tiple-bit CS data bus. Nozzle data is distributed within 
the processing driver head on a separate bus. In addi- 
tion, more than one bus may be provided for this nozzle 
data, for example, an even nozzle data bus and an odd 

40 nozzle data bus. 

[01 22] Registers are used as an input buffer for nozzle 
data. Both the even and the odd nozzle data buses are 
connected to registers called the nozzle data loading 
registers. These registers are not erased until explicitly 

^ overwritten with new nozzle data. Consequently, during 
a typical print operatk>n these registers wilt contain a mix 
of old nozzle data and new nozzle data. New data is 
stored in this processing driver head memory device 
while old data is being printed, so that printing opera- 
te? tions arc streamlined and printing speed increased. In 
order to save space on the processing driver head some 
registers can be duplicated on a per-primitive basis and 
accessed by connecting the CS data bus to the nozzle 
data bus. This arrangement also permits nozzle data to 

55 be read back over the CS data bus. 

[0123] FIG. 16 Is an example of how nozzle data is 
loaded into a register. In this example, there are 524 
nozzles and half are even nozzles and the other half are 
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odd nozzles. The input data shown in FIG. 16 is even 
nozzle data (EDATA 1600). The system master clock 
(MCLK 1605) provides a time reference. At period 1610, 
data transfer has not yet begun and the EDATA 1600 
signal is at level '1 " (the high position). At the beginning s 
of period 1620 the nozzle data transfer is initiated by 
sending a series of '0' (the low position) for four con- 
secutive half-cycles of MCLK 1 605. The nozzle data that 
folbws contains firing pattems for nozzle 2 through 524 
in sequence. A '1' will cause the nozzle to fire while a 
"0" will suppress the nozzle firing. 
[0124] The initial nozzle data of EDATA 1600 after pe- 
riod 1620 corresponds to primitive two, which is a short 
primitive and contains only three nozzles. In the exem- 
plary embodiment, the first five bits of the nozzle data 
of EDATA are thrown away (as represented by 
through X5). The three bits that follow are sent to the 
corresponding nozzles (represented by Rg through Rg). 
The next primitive is full (represented by Rg through 
Rgg). The odd nozzle data and the command/status data 
is loaded in a similar manner 

Fractional Dot Delay 

[0125] The present invention also uses another type 
of delay in order to compensate tor scan axis direction- 
ality (SAD) errors. SAD is the measure (in degrees) of 
the ink drop ejection angle with respect to the normal of 
the processing driver head, which is an error in the drop 
trajectory in the scan axis direction. The scan axis is the 
axis along which the printhead assembly and carriage 
move during various operations such as a printing op- 
eration. In general, a SAD error occurs when an ejected 
ink drop does not land on the print media (such as a 
piece of paper) exactly where desired abng the scan 
axis. 

[0126] Normally, at least one fire pulse is sent to a 
nozzle for each dot (e.g. a single ink drop) printed. As 
such, a set of dots is created by a set of fire pulses. A 
set, which can be a primitive of nozzles, for instance, 
can have sixteen fire pulses per set of 16 dots printed . 
This means that the processing driver head will move 
one dot diameter during those 16 fire pulses, one-half 
of a dot diameter during 8 fire pulses and so forth. Off- 
setting the spot where the dots contact the print media 
is accomplished by providing a delay corresponding to 
the appropriate number of fire pulses before sending the 
entire set of fire pulses (in this case, sixteen) to the noz- 
zle set. By adjusting the (use either delay or wait time), 
the present invcr^tion compGnsatcs for SAD errors on 
average for a set of 16 nozzles. 
[01 27] In general every nozzle set has a different SAD 
error that is usually determined at the lime of manufac- 
ture. This SAD data is stored In the printing system 
memory device and is used by the distributive processor 
in compensating for SAD errors. Namely, the distributive 
processor uses the stored data for individually program- 
ming each nozzle for delaying its firing by various fire 



pulses. Consequently, for example (assuming sixteen 
fire pulses per dot), one dot set may be shifted by 4 fire 
pulses (quarter dot delay) while another set may be 
shifted by 8 fire pulses (half dot delay). Using this frac- 
tional dot delay the present invention can compensate 
for SAD errors in each and every nozzle set. In the event 
that the printing system memory device is of limited ca- 
pacity, it may be desirable to compensate for trajectory 
errors for groups of nozzles. If memory capacity is not 
an issue, each group can comprise of one nozzle. 

III. DIGITAL FUNCTIONALITY 

[0128] Data is stored (In digital form) in a digital stor- 
age device, which is partitioned into smaller sectrans 
called registers. Each register has its own unique ad- 
dress and printing system components can write to or 
read from a register by using a specific protocol. This 
protocol provides a method of internal communication 
between a register and system components. For in- 
stance, bi-directk>nal access to the register allows some 
printing system components (such as the printhead as- 
sembly) to perform operations (such as a firing pulse 
delay) by accessing certain data (such as pulse width) 
within the registers. If the data is in analog format (such 
as sensed temperature) it is preferably converted into 
digital format prior to storage in a register. Manipulating 
data using this digital format provides noise immunity. 
[0129] Communications between the registers and 
the printing system components is performed using mul- 
tiple multi-bit busses. Bus architecture aids in reducing 
undesirable effects (such as EMI) precipitated by the 
switching of large amounts of power in a short time pe- 
riod. Further, multiple busses means that data (such as 
nozzle data) can be divided into smaller sections (for 
example, even data (Edata) and odd data (Odata)). The 
bus architecture also provides dynamic and constant bi- 
directional communicatkjn between, for example, the 
controller and the processing driver head. This permits 
actions and decisions to be made quickly and simulta- 
neous with actual ink printing. 

[0130] In addition, the data transmitted between the 
controller and the printhead assembly is preferably 
transmitted serially. Serial data transmission allows the 
addition of nozzles without the inherent need to increase 
leads and interconnections. This reduces the expense 
and the complexity of providing internal communica- 
tions for the printhead assembly. 



[01 31] The digital operations within the printhead as- 
sembly are an interaction of a plurality of components 
and systems. These processes within the printhead as- 
sembly work with one another to receive and distribute 
data. Data is bi-directionally transmitted using the com- 
munications procedures described above. 
[01 32] FIG . 1 7 illustrates the major systems and com- 
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ponents of the printhead assembly and how each inter- 
acts with one other. The nozzle resistors can be classi- 
fied within groups. Each group of nozzle resistors is 
hereinafter referred to as a primitive. Each primitive can 
contain the resistors for vaporizing ink drops and each 
resistor in the primitive can be connected to a power 
supply on one side and to a power ground or the other 
side for the power current on the other side. In this case, 
power for firing the resistors travels from the power sup- 
ply to the resistor power connections, heats the resistor 
and is routed to ground. Preferably, no more than one 
resistor in a primitive will fire at any given time. 
[0133] As a working example, a printhead assembly 
can have 36 primitives in two columns of 1 8 primitives 
each. The center 16 primitives each have 16 nozzle re- 
sistors while the two end primitives each have only three 
nozzle resistors (referred to as 'shorf primitives). The 
nozzle resistors on one side of the printhead assembly 
all have even numbers while the nozzle resistors on the 
other side all have odd numbers, as shown in exemplary 
embodiment of FIG. 4. 

[01 34] As shown in FIG. 17, the primitives and delays 
1710 interact with the thermal control 1715 and an En- 
ergy DAC (digrtal-to-anatog converter) 1720. The ther- 
mal control 1715 includes a thermal sensor and a ther- 
mal control device. The thermal control 1715, which can 
furnish control via the CS data bus 1 740 or locally, keeps 
the printhead assembly above a desired temperature 
and also shuts down the printhead assembly If the tem- 
perature exceeds a maximum temperature. An input to 
the primitives and delays 1710 is the energy DAC 1720 
that provides the analog setpoint for the energy control 
blocks, which are discussed further below. The energy 
DAC 1720, which sends and receives data through the 
CS data bus 1740, also controls the fire pulse width. 
[0135] The enable generator 1750 receives a start 
signal (nCSYNCH) 1751 for initiating a firing sequence 
and generates at least one enable signal which together 
with afire signal (nFIRE) 1752 make up a set of fire puls- 
es. As an example, the enable generator 1750 produces 
four enable signals each sixteen pulses wide. 
[0136] The registers/CS communication 1760 de- 
scribed below handles communications over the data 
lines (e.g. the CSDATA line 1735). The serial-to-parallel 
1765 transforms incoming serial data Into parallel data. 
In this example, the even nozzle data (ED ATA) 1770 and 
the odd nozzle data (ODATA) 1 775 are inputs to the Se- 
rial-to-Parallel 1765 and the EDATA 1770 and ODATA 
1775 are converted from serial input to parallel output. 
The advantage of seria! input is that fewer lines and in- 
terconnects are required. In addition, it should be noted 
that the nozzle data 1770, 1775 and the CSDATA 1735 
can be transmitted simultaneously and in parallel. 
[0137] With regard to the primitives and delays 1710, 
certain resistor firing de ays can be associated with the 
primitives. In general, the primitives and the delays 1710 
control the nozzles of the printhead assembly. Every 
primitive within the primitives and delays 1710 has a per- 



primit'ive address control (not shown) for generating ad- 
dresses and a per-primitive data control (not shown). 
These two systems together control the nozzle firing. 
Specifically, the per-primitive address control handles 

s the fractional-dot delays, the per-primitive registers, as 
described above, and the address counter. The address 
counter steps through the 16 addresses and indexes 
which address is firing in that primitive because the ad- 
dresses are preferably fired one at a time. The per-prim- 

10 itive data control handles nozzle data, the decoding of 
the address counter and the actual firing of nozzles. 
[0138] FIG. 18 illustrates an example of a single per- 
primitive power control of the type that was discussed 
briefly above in connection with FIG. 11. Referring back 

is to FIG. 17 along with FIG. 18, every primitive on the 
printhead assembly preferably contains the per-primi- 
tive address control 1810 and the per-primitive data con- 
trol 1820. The address control 1810 receives EDATA 
and ODATA 1770, 1775 of FIG. 17, a fire pulse 1825 

20 and an enable signal 1825 and an enable signal 1830, 
such as the fractional dot delay pulse, to produce a fire 
primitive signal 1 835, a load signal 1835 and an address 
signal 1845. The address control 181 0 generates an ap- 
propriate addressing pattern for the firing variables. The 

25 per-primitive data control 1820 receives the fire primitive 
signal 1835, the load signal 1840, the address signal 
1845, and the nCSYNCH, EDATA and ODATA signals 
1751, 1770, 1775of FIG. 17 for control ling nozzle firing. 
[01 39] FIG. 1 9 is a detailed illustration of the per-prim- 

30 itive address control of FIG. 18. As discussed above, 
the per-primitive address control 1900 is generally an 
address generator that uses a fire pulse 1905 and the 
fractional dot delay pulse 1 910 to generate an appropri- 
ate addressing pattern for the firing variables. The ad- 

36 dress control 1 900 includes an upNdown counter 1 915, 
a mode latch 1920. a bad latch 1935 and a fire pulse 
series selector 1945. 

[0140] The mode latch 1920 receives nozzle data, 
such as the EDATA and ODATA 1770. 1775 of FIG. 17 

40 and determines the correct counter operating mode for 
the up/down counter 1915 to operate. In general, this 
counter operating mode is determined by the direction 
variable 1925 and the print mode variable 1930. In this 
example, these two variables are shared by all primi- 

4S lives on the printhead assembly. The load latch 1935 
receives the data (for example, nozzle data EDATA and 
ODATA 1770. 1775 of FIG. 17) from the appropriate 
source (such as the printing system) and loads the data 
into the up/down counter 1 91 5 via the load signal 1 940. 

and processes the fire pulses 1905 and fractional dot 
delay pulses 1910 by delaying and selecting an appro- 
priate signal to produce an enable signal 1 960, a fire 
signal 1 965 and a load signal 1 970. This can be accom- 
ss plished with, for example, a delay latch and a signal se- 
lector. The enable signal 1960 and fire signal 1965 are 
sent to the up/down converter 1 91 5. The fire signal 1 965 
is also sent to a nozzle drive logic device (to be dis- 
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cussed in detail below) and the load signal Is sent to a 
current print data register (to be discussed in detail be- 
low). 

[0142] The up/down counter 1915 is a multi-bit up/ 
down counter that receives the direction and mode sig- 
nals 1 925, 1 930 from the nrKxie latch 1 920, the load sig- 
nal 1940 from the load latch 1935, and the enable and 
fire signals 1 960, 1 965 from the fire pulse series selector 
1 945. The up/down counter 1 91 5 Is clocked by a clock- 
ing signal can be used to ensure that only the desired 
number of fire pulses (for instance, 16 fire pulses) are 
sent to each primitive folk>wing a firing command. Dif- 
ferent address sequences are required depending on 
the print nnode. In this example the 600 dpi mode has a 
4-bit up/down sequence. However, the 1200 dpi mode 
is more complicated and uses address shifting. 
[0143] Further, a decode device can be included in the 
per-primitive address control for decoding an address 
and allowing each primitive to access registers of the 
mode latch 1920, the load latch 1935 and the fire pulse 
series selector 1 945. 

[0144] FIG. 20 is a detailed illustration of the per-prim- 
itive data control of FIG. 18. in general, the per-primitive 
data control takes the address information supplied by 
the per-primrlive address control and combines the in- 
formation with nozzle data. In this way the per-primitive 
data control helps determine which nozzle it should fire. 
[0145] The data control shift register 2005 is divided 
Into a plurality of registers and prepares incoming data 
tor use by the per-primitive data control 1820. The noz- 
zle data loading register 2010 is also divided into a plu- 
rality of registers and receives print data from the print- 
ing system. In general, these registers are the input buff- 
ers for print data. During a typical print operatbn these 
registers will contain a mixture of old and new print data 
while the new print data is being loaded. These registers 
are static and will retain the contents until they are ex- 
plicitly ovenwritten by new print data. Moreover, these 
registers are not cleared by a printhead assembly reset. 
[0146] The nozzle data holding register 2015 is a 
holding register for the contents of the nozzle data load- 
ing register 2010. The current print data register 2020 
buffers the print data through a delay data latch (not 
shown) before reaching the nozzle to be fired. The delay 
data latch is controlled by the same signal that controls 
the fractional dot delay. The nozzle drive logic 2025 con- 
tains a plurality of electronics to provide the means to 
fire the nozzles. 

I iGQioiGr/ >-/GrMiTi5M\j-\^iatUS Communications 
Functional Overview 

[0147] FIG. 21 is a functional block diagram of an ex- 
ample of a Registers/Command/Status Communica- 
tions device of FIG. 1 7. The Registers/Command/Status 
Communlcatk)ns device 2100 (an example of element 
1760 of FIG. 17) can be used for controlling the print- 
head assembly internal communicatbns. Referring to 



FIG. 1 7 along with FIG. 21 , data is received as input and 
vark>us control signals are generated and received. This 
intemal communk:atk>ns is achieved using a command 
status data bus and protocol ov r the Command/Status 

5 (CSDATA) data line 2102. 

[0148] The serial shift 2110 is both a serial-to-parallel 
converter and a parallel-to-serial converter When the 
serial shift 211 0 receives serial information over the CS- 
DATA line 2102 the serial shift 2110 checks for start bits 

10 and then latches the address and data words. Even if 
the command is a register read, dummy data is sent and 
ignored in the interest of simplifying this interface. The 
address and data are sent to the register control 2115 
through the command decode 21 20. When the serial 

IS shift 2110 transmits data over the CSDATA line 2102 the 
serial shift 21 1 0 latches a parallel word from the CS Bus 
21 25 and sends it back out over the CSDATA line 2102 
in serial format. 

[0149] The command decode 2120 checks the ad- 

20 dress word of each command to determine whether the 
command is valid and whether the command is a read 
or write. This information is then passed to the register 
control 21 1 5 and the serial shift 21 10. The register con- 
trol 2115 handles the actual mechanrcs of reading from 

25 and writing to the various registers. The register control 
211 5 also drives the bus control 2128 that contains the 
signal indicating when to latch an address or data word 
and whether a command is a read or a write. 
[01 50] Some of the registers have copies that can be 

30 written via the nozzle data bus. This nozzle data may 
include an even nozzle data (EDATA) bus 2150 and an 
odd nozzle data (ODATA) bus 2152. The master regis- 
ter, which is typically accessed over the CS bus 2125, 
must be connected to the EDATA bus 2150 and the 

35 ODATA bus 2152. The bus-to-bus 2160 performs this 
connection and has write signals coming from the bus 
control 21 28 and read signals coming from the read noz- 
zle registers. These read nozzle registers may include 
even nozzle registers and odd nozzle registers. 

40 [0151] The mode/fault/bad 2170 contains the mode, 
fault and load master registers. Each of these registers 
have local versions at each primitive. The fault register 
records the temperature faults and generates a fault sig- 
nal 2175 that disables nozzle firing. The nozzle register 
(not shown) contains data that enables the read back of 
nozzle data. As shown in FIG. 21 the nozzle register 
may be divided into a read even nozzles register 2180 
and a read odd nozzles register 2185 whereby the read 
back of even nozzle data occurs In the read even noz- 

occurs in the read odd nozzle register 2185. The details 
on each of these registers and how read back is per- 
formed are discussed below. 

55 Systems Operations 

[0152] Most operations in the printhead assembly re- 
ceive their instructions from their corresponding register 
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contents. These instructions can be written to and read 
from the registers. In addition, some registers have a 
read-back capability that permits any information written 
to the register to be verified. In order to save physical 
space on the printhead assembly most of the registers 
are left undefined until information is explicitly written to 
them. Nearly all register read and write operations are 
conducted using the Command/Status data bus and 
protocol. 

[0153] The CS data bus and protocol permits the 
printing system to access the registers on the printhead 
assembly via a communications Interface. This interface 
is a bi-directional serial interface that permits writing to 
and reading from the register. The printing system noti- 
fies the register that the printing system wants to access 
the register by sending a bit stream to the register as a 
series of zeros to indicate that data is to folbw. The bit 
folbwing the leading zeros indicates whether the regis- 
ter is to be read or written. Following this read/write bit 
are the remainder of the command bits that instruct the 
register how to process the enclosed data followed by 
the actual data bits. 

[01 54] A register write operation includes a command 
and data transfer to the printhead assembly followed by 

a status response capture by the printing system. Sim- 
ilarly, a register read operation includes a command and 
data transfer to the printhead assembly followed by a 
status response and a read back capture by the printing 
system. All data command and status transfers transfer 
data with the most significant bit (MSB) first and read 
back data appears MSB first. The status response is 
sent by the printhead assembly to the printing system 
and verifies the current state of the read or write opera- 
tion. 

[0155] FIG. 22A illustrates a working example of a 
register write operation. The master clock signal 
(MCLK) 2205 is driven by the printing system. Below the 
MCLK 2205 is the command and status data signal (CS- 
DATA) 2210 that is also driven by the printing system. 
In order to initiate access to the register the printing sys- 
tem holds the CSDATA signal 2210 tow (i.e. each bit is 
a "0") during four clock cycles of MCLK 2205, meaning 
that four consecutive zeros are sent to the printhead as- 
sembly by the printer. This indicates to the register that 
the printing system desires access to the register Im- 
mediately foltowing the leading zeros are eight com- 
mand bits indicated by bits C7 through CO. The first com- 
mand bit 07 is the MSB and specifies whether the op- 
eratton is a read operation ('^ ') or a write operation ("O"). 
Following the eight command bits are eight data bits that 
contain the data to be written to the register. After the 
data has been written to the register the printhead as- 
sembly returns a status response consisting in this ex- 
ample of three bits. These status response bits are de- 
scribed below in a working example of a status re- 
sponse. 

[0156] FIG. 22B illustrates a working example of a 
register read operation. The CSDATA signal 2220 is 



held low for four MCLK 221 5 clock cycles by the printing 
system to allow access to the register The first (MSB) 
command bit follows and indicates whether the opera- 
tion is a read or a write. In this example, the first com- 
5 mand bit is a "1 " to indicate that this is a read operation. 
The remainder of the command bits 06 through CO are 
sent by the printing system folk}wed by eight data bits. 
These data bits are 'dummy' data bits and are only to 
simplify the interlace protocol and are not used by the 
register. After the printing system sends these eight 
dummy data bits the printhead assembly returns to the 
printing system a status response consisting in this ex- 
ample of three bits. Following this status resporse the 
eight command bits sent by the printing system are ech- 
oed back to the printing system and eight data bits con- 
taining the register contents are sent to the printing sys- 
tem by the printhead assembly. 
[0157] As shown in FIGS. 22 A and 22B a read or a 
write operation is followed by a status response capture 
by the printing system. The status response is sent by 
the printhead assembly to the printing system and ver- 
ifies the current state of the read or write operation. In 
the working examples of FIGS. 22A and 22B the status 
response contained three status bits: (a) a bit indicating 
the validity of the last command; (b) a slate of the error 
flag; and (c) whether the last command was interpreted 
as a status read operation. The first status bit, a *not 
valid command" bit, is "0" if the command is recognized 
as valid and a M " if the command is invalid. If the com- 
mand is not recognized as valid the printhead assembly 
will not act on the command. In the case of an invalid 
write command the data sent to the printhead assembly 
will be ignored. In the case of an invalid read command 
no further data after the 3 status bit will be returned by 
the printhead assembly to the printing system. 
[0158] The second status bit is the error bit and can 
be either a "0 "indicating the printhead assembly is op- 
erating normally or a '1 ■ indicating that the an error con- 
dition has occurred. The error bit is set to '1" if a fatal 
error condition has occurred on the printhead assembly. 
This fatal error condition includes the case where the 
Fault temperature has been exceeded indicating that 
nozzle firing operations should be terminated. This is 
only one example of a fatal error condition and several 
oth ers will be apparent to those of ordinary skill in the art. 
[0159] The third status bit is the "not status request" 
bit. This bit indicates whether the printhead assembly 
has detected a status request command ( a register 
read) from the printing system. If a status request com- 
mand has been requested the bit will be set to "0" and 
the printhead assembly will return status information to 
the printing system immediately following the third sta- 
tus bit In the working example of FIGS. 22A and 22B 
this status information contains sixteen bits. If this third 
status bit is set to "0" then the printhead assembly has 
detected a write command. The purpose of this third sta- 
tus bit is to provide warning in case any noise should 
cause the printhead assembly to interpret a register 
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write command as a register read command. If this bit 
is returned as a "0* at the end of a register write com- 
mand the printing system is alerted to not begin driving 
th CSDATA line for sixteen more MCLK cycles 

Printhead Assembly Resetting 

[01 60] The registers of the printhead assembly can be 
put Into an operational condition duringthe power-on se- 
quence by a process known as resetting. Resetting es- 
tablishes provides known data to certain registers that 
preferably should not have random register contents. 
These registers must be set to known value prior to any 
printing operations. Registers not affected by resetting 
include those registers containing error data. 

Driver Head Control 

[0161] The present invention improves processing 
driver head performance and reliability by controlling the 
energy delivered to the driver head and the temperature 
of the driver head. Referring back to FIG. 1A and 1B, 
the distributive or data processor 124 can incorporate 
energy control devices 1 32 and thermal control devices 
136 within its own circuitry, as shown in FIG. IB. Alter- 
natively, the controller can Incorporate these devices. 
The energy control device 1 32 can be used to compen- 
sate tor variations in primitive supply voltage (VPP) that 
arise due to parasitic interconnect resistance between 
the printer carnage and the interconnect pad of the print- 
head assembly 116. This can be accomplished by, for 
example, adjusting the fire pulse width to ensure con- 
stant energy delivery. 

[0162] The thenmal control device 1 36 can be used 
for maintaining the driver head 1 26 at a programmable 
minimum temperature and for providing digital feedback 
to the printer and Indicating current driver head temper- 
ature and temperature regulation status. Both energy 
and thermal control devices 132, 136 can be disabled 
through associated control registers (discussed above) 
of the distributive processor 124. Preferably, anak^ to 
digital converters (ADCs) and digital to analog convert- 
ers (DACs) are used (not shown in FIGS.1A and IB). 
An analog temperature sensor 140 measures the tem- 
perature of the driver head 126 and the ADC converts 
the measurement to a digital word. The DAC receives 
the digitally converted signal and makes appropriate en- 
ergy and temperature setting adjustments. Dedicated 
anabg -f 12V and ground pads can be used to minimize 
the impact of digital nciso on performance. 

IV. ENERGY CONTROL 

[0163] FIG. 23 Illustrates a schematic of an exemplary 
energy control device. The energy control device 2300 
includes a supply voltage input 2310, an energy setpoint 
input 2312, a fire pulse input 2314, a voltage to power 
converter 2316, a power to energy integrator 2318, an 



energy to setpoint comparator 2320 and a fire pulse 
processor 2322. Th supply voltage input 231 0, such as 
VPP, Is applied to the printhead assembly, the fire pulse 
input 2314 activates the integrator 2318 and the energy 
setpoint input is applied to the comparator 2320. The 
comparator 2320 compares the energy at point A and 
point B. 

[01 64] If energy at point A exceeds the setpoint ener- 
gy at point B, and the nonmal fire pulse wkith has not 
been exceeded, the comparator 2320 issues a trunca- 
tion command and the processor 2322 truncates the fire 
pulse. The processor 2322 then issues a reset signal 
that resets the integrator 2318. If, however, the energy 
at point A does not exceed the setpoint before the nor- 
nnal fire pulse width is exceeded, no truncation signal is 
issued. After the normal pulse width is achieved, the 
processor 2322 issues a reset signal to the integrator 
2318. As a result, the energy control device 2300 regu- 
lates delivered energy to the heater resistors of the print- 
head assembly. 

[0165] The energy control device regulates delivered 
energy to the heater resistors by compensating for var- 
iations in printhead assembly supply voltage (VPP) at 
each VPP pad. Typically, the primary source of error in 
delivered energy will come from load current variations 
interacting with parasitic resistance, including intercon- 
nect resistance. The energy control device of the 
present invention can be configured to regulate the de- 
livered energy over a wide variety of operating condi- 
tions simply by programming an energy set point regis- 
ter of the distributive processor. This register establish- 
es the output voltage of the energy DAC, which in turn 
determines the amount of energy delivered to the resis- 
tors. 

Calibration 

[0166] The energy control device is preferably asso- 
ciated with calibration techniques so that the optimum 
regulation point of the control circuitry can be deter- 
mined arid intra-substrate offsets can be nulled out. 
Since semiconductor wafer process variations usually 
introduce gain and offset errors into the control loop, the 
energy control cevice is preferably calibrated prior to 
use. This allows the optimum regulation point for each 
control circuit to be set and inter-quadrant offsets to be 
nulled out. Thus, the present invention provides energy 
set point calibration and quadrant slope calibration. 



[0167] Prior to delivery and use, the printhead assem- 
bly preferably undergoes a one-time factory calibration 
process to compensate for variations within the sections 
of the printhead assembly. These variations include var- 
iations between resistors and internal trace and parasit- 
ic resistances. The resistances in the printing system 
and in the power connections between the printhead as- 
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sembly and the printing system lend to differ between 
printing systems and with different installations of the 
same printhead assembly in the same printing system. 
Hence, variations internal to a given printhead assembly 
are preferably identified and compensated for during the 
manufacturing process. Proper calibration ensures 
proper energy to the resistors and extends resistor life. 
[01 68] Manufacturing calibration sen/es to identify the 
operational differences between the four functional 
quadrants of the printhead die, in particular the different 
resistances in the traces and connections for each dif- 
ferent quadrant. Also, the resistor dimensions may vary 
within tolerances, and these variations may tend to be 
consistent within each quadrant, and different between 
quadrants. In addition, the semiconductor manufactur- 
ing process may generate variations that are minimal 
within eaphx|uadranl, but which create variations within 
each sijmstrate/ftom quadrant to quadrant. 
[0169]r- FIG. 2^illustrates a general flow diagram of a 
manufafctudR^calibration technique in accordance with 
the present invention. In general, as shown in FIG. 24, 
first, a testing range is selected tor the printhead assem- 

^ biy (box 241 0). El ectrical characteristics of t he.eiectrical 
components are theri rpeasured over the testing range 
(box 2420)7 Next, ar Toptimal calibration value for the 

\ electrical characteristics of eac h section is calculated 

\ (box 2430^. Last. 7he Op tirna^ TSalih ration valup^<^ arfi 

Lst ored in the memory device of the printer or the p rint- 
head assembly (box 244Q1 

[0170] Specifically, the factor y calibration can first d e- 
te rmine the tum on voltage (TOV) a nd then calculate an 
ope rating voltage (VOP ) th at provides sufficient oven en- 
ermj"his voltage is written as VOP to the memory de- 
vice of the printhead assembly Quadrant truncation can 
then be adjusted as it occurs when VPP exceeds VOP. 
With the memory device thus programmed, the print- 
head assembly may be delivered to a user, either in con- 
junction with a printer, or as a replacement printhead as- 
sembly. In addition, the controller or printhead assembly 
can perform a power supply voltage and parasitic resist- 
ance test to determine the correct voltage to use and 
ensure that the printhead assembly has been inserted 
properly. 

[0171] The time between firing pulses is equal to 
[scan speed (inches/sec)/dots per inch] -i- margin. One 
t ype of calibration can be accomplished bv the following 
steps . With the energy compensation circuit turned off 
(so that truncation does not occur), and with the pulse 
width set to a predetemnined nominal maximum pulse 
Width, e.g>, 2.0 jisec, the turn-on voltage, V(mi|.Q,f^q, js 
measured one quadrant at a time. The system deter- 
mines which quadrant tums on at the highest turn-on 
voltage Vj„^.q„ ^igh' which quadrant turns on at the 
lowest turn-on voltage Viy^.^^^ The difference b e- 
tween the highest turn-on voltage and (Fm inwf^gtTiim- 
on vonage i6 deterrrTrned . It the difference exceeds a 
specified maximum value, the printhead assembly may 
be rejected. 



10 



[0172] An Exemplary calibration procedure for a print- 
he^i^- assernb l y -dyring nrianufacture is as follows. First, 
t^^jigSK^ F^^^^^^^- ^^^^^"^'"'"^"^ over-energy. OE^;„ v!' 
a mTm oximum ov er^efTergy. OEyy^a^ % is selected . Next, 
the s ystem mea sures The turn-on vf>ltnqr for rnrh quad- 
rant for the sji lnrtnd pulno wirtth < 
[0173] Theoperating voltage, V^pep is calculated from 
the minimum over-energy. OE„jn %, using 



Voper = Vturrw>n.maxll-^(O^min.%V100] 



iy2 



where V, 
of the quadrants. 



turn-OA, max 



is the maximum turn-on voltage of all 



fs [0174] The power supply voltage is set to V^p^p and 
without tiring the printhead assembly, the DAC and the 
slope settings are cycled through to find, wherein at 
least one slope setting in each quadrant does not trun- 
cate. If no DAC setting is found, wherein at least one 

20 slope in each quadrant does not truncate, the printhead 
assembly is preferably rejected. Othenvise, the highest 
DAC setting found that meets the above conditions and 
the higher slope settings corresponding to it are noted, 
and the maximum voltage, V^g^, is calculated from the 

25 maximum over-energy, OE^nax- "^'"9 



30 where V,u^^„ f^in the minimum turn-on voltage of all 
of the quadrants. 

[0175] Next, the power supply voltage, VPP, is set 
equal to the maximum voltage, V^g^j, and the DAC set- 
ting and quadrant slope adjustment settings found 

OS above are used, and truncation is checked. If all quad- 
rants truncate, the printhead assembly is preferably ac- 
cepted. Then, the operating voltage, V^p^p is varied to 
find the maximum operating voltage where no quadrant 
truncates with the selected DAC settings and quadrant 

40 slope adjustment settings. The operating voltage, V^p 
is set equal to the maximum voltage found. The operat- 
ing voltage, DAC setting and the quadrant slope adjust- 
ment for each quadrant that were selected are written 
to the memory device. 

4S [0176] Wit h the final settings for quadrant slo pe ad- 
justments, DACsettingandoBerat^^ 
thejTTemory device during manufacturing, th e printhead 
assembly may be delivered to a user, either in conjunc- 
tion with a printer, or as a replacement cartridge. This 



the printer in which the printhead assembly Is 



eventually installed to determine whether there are in- 
tolerably high parasitic resistances that were not detect- 
able in the print cartridge alone during manufacturing 
calibration. Such resistances might occur with a printer 
55 wiring fault, or poor conduction at the print cartridge- 
printer contacts. If a high resistance were encountered, 
the system circuitry would compensate with a higher in- 
put voltage VPP. This is acceptable up to a point, but a 
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too high a voltage needed to overcome resistance when 
all resistors are firing, will lead to a nnuch higher voltage 
when firing a single resistor. Of course, t his can be com - 
pe nsated tor by substantial pulse width truncation to 
achieve controlled energy^ but beyond a certain point. 
the re sistor Is unable to reliably withstand the powe r 
transmitted, as discussed a txwe. 

Calibration at Start-Up And During Printer 
Operation 

[0177] With regard to start-up or Installation calibra- 
tion, in general, the calibration can be used to determine 
the operating settings to af5ply^the printhead assem- 
bly Installed in the printer.^FIG. 25 illustrates a general 
flow diagram of a start-up calibration technique in ac- 
cordance with the present invention. C alibration info r- 
mati on previously store d in the memory device is rea d 
fi rst before start-up calibration is performed (box 251 Q ) . 
The printftTc gp be set to use the calibratbn Infornr^tion, 
The calibratio n infomiation can then be used to pej lQgD- 
tegTs"tQ determine the optimal operating condition s for 
thS'printer (box 2520). Next, the operating conditions 
are adjusted for the printer using the calibration infor- 
mation (box 2530). Last, the operating conditions can 
be stored in a memory device of the printer (box 2540). 
[01781 Specifically, the controller can read data 
placed into the memory device, such as the printhead 
memory device, when the system Is turned on. This 
reading can be used in a printer test to determine wheth- 
er there are intolerably high parasitic resistances that 
were not detectable in the printhead assembly alone 
during factory calibration. Such resistances might occur 
with a printer wiring fault or a poor conduction at the pen- 
printer contacts. The controller or printhead assembly 
uses this infomnationtosetthe proper power supply volt- 
age for regulating the power supply voltage, and also 
for supplying certain registers with data such as slope 
information. 

[01 79] For example, if a high resistance were encoun- 
tered, the system circuitry would compensate with a 
higher power supply voltage VP P. This is acceptable up 
to a point, but an excessively high VPP needed to over- 
come excessive resistance when all resistors are firing, 
will lead to a much higher voltage at a single firing re- 
sistor. This can be compensated for by substantial pulse 
width truncation to achieve controlled energy, for exam- 
ple. However, beyond a certain point, the resistor may 
be unable to reliably withstand the power transmitted. 
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[0180] Further, the energy control device of the exem- 5£? tirrre per 



of the resistors (box 2620). A firing g u jse havinQ_a du- 
r ation based on the detected input voltage at the ri ode 
can be gene rated such that a detected input volt age 
higheUhaalhajDo rrj^ votia^ 15 Cbmpensat gdjor by 
a sh o a oned fi ma pulse f box 2630T 
[0181] Namely, in operation, the system is calibrated 
to set a voltage power supply, VPS, to a level adequate 
to ensure adequate firing energy levels for full drop vol- 
ume firing in "blackout conditions' when all resistors are 
fired simultaneously. Because firing energy is typically 
proportional to the product of the square of the voltage 
and the time duration, VPS is preferably high enough to 
provide adequate energy within the limited time afforded 
for printing each dot, before the next dot is to be printed 
at the desired printer scan rate. Part of the calibration 
process includes establishing a setpoint voltage to pro- 
vide a limited firing energy threshold for all firing condi- 
tions, regardless of the number of nozzles fired simul- 
taneously. 

[0182] When the output voltage reaches a preselect- 
ed setpoint voltage determined experimentally at oper- 
ational calibration (as will be discussed below), the com- 
parator ot the control block terminates the pulse trans- 
mitted to the firing resistors. In this process, when VPP 
is higher due only to a limited number of resistors being 
selected for firing, the voltage at the voltage-to-power 
converter will be higher, and the rate of charging of the 
capacitor will be increased. Cons equently, the pulse w | i r^ 
b e terminated after a s hnftftr riiT^finh tn nnainti^jp a con- 
si stent energy riflliv Qrftfl in thP Pvpnt that VPP drops 
bgibw t he point d etemiine d during calibration, and the 
capacitor voltage do esnot reach the setpotnt peior e th e 
pr inter firing puise^ ds, the printer fire pulse will over- - 
ride the comparator and terminate energy delivery. It is 
possible to compensate for such low VPP co nditions b y 
lengt hening the firing pulse slightly after calibratio n, as 
long a s the requirements of printhead assembly fre- 
quency and printing s peed are not violated. 
[0TB3] ro operationally calibrate an installed print- 
head assembly to compensate for parasitic resistances 
in the printer and the printer-to-carlridge connection. 
VPP can be set by the printer to a default value based 
on a test operation in which nozzles are fired one quad- 
rant at a time to generate the worst case possible par- 
asitic voltage drops at the input lines for each of the sets 
of resistors across all of the primitives at its maximum 
firing frequency. It the printer has adequately fast 
throughput and carriage scan speed, the voltage is set 
with a firing pulse somevtfhat briefer t han iho Hnsirftri 
ween pul3sA-(i^- 'ess than [scan spoadi'dot 



plary empodinri^it can be calibrated during printer op- 
eration\FIG. 26 IBustrates a general flow diagram of cal- 
ibration C^iringyrinter operation. As shown In FIG. 26, 
the printer can be calibrated by determining a nominal 
input voltage above a threshold necessary for simulta- 
neous operation of a plurality of the resistors (box 2610). 
During printing, the input voltage on the print head can 
be detected at an input node connected to at least some 
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pitch] + margin). With this nominal maximum pulse du- 
ration, the default voltage is set to ensure that all nozzles 
are firing fully, above the transitional range. The deter- 
mination of proper firing and function above the transi- 
tional range is suitably conducted for ink printing. 
[01 84] With a default VPP established, an energy cal- 
ibration mode is enabled. In this mode, the energy con- 
trol device, including the sense network, bias current 



19 



37 



EP1 029 674A2 



38 



generator, and control block are activated. The printer 
again delivers signals to general firing from all nozzles 
of all primitives with the setpoint voltage set at a rela- 
tively high initial level to provide a high firing energy well 
beyond the transitional range. This process is preferably 
repeated at sequentially lower setpoint voltages until the 
cessation of pul se width tru ncati on indicates that an op - 
t irrinnrTinng energy level has been _ r'^an'^*^^ "'^■^ is 
ac hieved by firing a pulse at nom inal volt age, then 
c hecking a truncation status bit indica tini:^ whether" 
p ulse was properly fired, jfa gn lowenng tho MollaQe^a 
s rnall increment, and fepQatinq the proc ess. 
[0185] During this calibration process, the status bit 
is set when the firing pulse is still high or active when 
the comparator trips. If the firing pulse drops or termi- 
nates before the comparator trips, the status bit is not 
set. When the voltage is at a low enough level, firing will 
not occur, and conventional printer drop sensing circuit- 
ry, which may include optical drop detectors, will set the 
status bit to a state indicating non-firing. The setpoint 
voltage is set above this non -firing voltage by a margin 
of safety to ensure firing. 

[0186] Preferably, the setpoint voltage is set so that 
the firing pulse duration is no shorter than 1.6 us, to 
avoid reliability problems associated with shorter dura- 
tion high voltage pulses. Such reliability problems can 
arise when a too-high power is applied during a short 
duration to obtain the needed energy Such extreme 
power creates high rates of temperature change in the 
resistors, which generates potentially damaging stress- 
es. Optionally, the operational calibration process may 
continue until a sufficiently low setpoint is reached so 
that all quadrants are experiencing pulse truncation, 
thereby ensuring that none of the quadrants are firing at 
higher than needed energy levels. Ensuring truncation 
throughout the system also provkjes a margin for pulse 
expansiGffTrrune)cpectedly low VPP conditions. 
[018^ FIG. 2^1ustrates how operational calibration 
and pHAtii%o6cur. In the upper portion of the graph, the 
vertkial axjsjg flects the voltag gjat the convedej,^put. 
As shown, thesolidlihe^n" reflects a rising voltage as 
energy is dissipated by all n resistors firing. During cal- 
ibration, the setpoint voltage is stepped down as shown 
until a suitable pulse width and printing performance is 
attained at Vs3. The voltage line n reaches the selected 
setpoint at time t1 , terminating the pulse P1 as shown 
in the lower portion of the graph, whi ch reflects the puls e 
o utput to the firingj ; esistors at line 74. During subse- 
quent operation after calibration, when less than all re- 
sistors are fired, such as with line {n-1) reflecting all re- 
sistors fired but one, the slope of the voltage line is 
steeper, causing it to reach the selected setpoint voltage 
VsS at an earlier time t2, providing a truncated pulse 
having duration P2 to compensate for the increased 
VPP and yield a consistent firing energy. 
[01 88] If calibration is done at the factory or calibration 
data is available, when the print cartridge is installed in 
the printer, the printer will do a test on the installed print 



cartridge to determine the correct power supply voltage, 
VPS to apply to the print cartridge. For example, the 
printer can read quadrant slope adjustments, such as 
+5%. 0, or -5%, one for each quadrant, the DAC setting 

5 and the operating voltage from the merTX)ry d vice. 
From this, the system can set the DAC and quadrant 
stope adjustment registers in the printer to these record- 
ed values and set the printer power supply voltage VPS, 
to the value of the operating voltage, V^p^p contained In 

10 the memory device. 

[01 89] The printer obsen^es the pulse width truncation 
flags, which are set when truncation occurs, for each 
quadrant while firing all resistors in a 'blackout" pattern. 
The printer increases the printer power supply voltage 

IS VPS in small incremental steps and fires the resistors 
at each step until the first of the four quadrant truncation 
flags show truncation and the voltage, Vp^ j^^^., at which 
this first truncation occurred is stored by the printer. 
[0190] The printer determines the effects of the in- 

20 crease in supply voltage by calculating the ratio of 
V^PS. trunt/^oper ^^'^ ^^^^ greater than or equal to 
a maximum limit, the print cartridge should be re-insert- 
ed and the test repeated. If the ratio does not exceed 
the maximum limit, then VPS is reduced one incremen- 
ts tal step below the truncation voltage, VPS ^j^^, and this 
value should be used by the printer as the power supply 
voltage. If the ratio remains greater than or equal to the 
maximum limit, the printer should be serviced. 
[0191] The maximum limit is necessary because 

30 when excessive parasitic resistance is present, there is 
too large a difference in the amount of voltage applied 
to the print cartridge when all nozzles are firing and 
when only one nozzle is firing. The ratio, is indicative of 
added parasitic resistances which, when the resistors 

35 are fired individually, can cause a power increase in the 
heater resistors. The increased power in the resistors, 
is a resistor life consideration. It is therefore necessary 
to limit the power increase by limiting the added parasitic 
resistance as is done in the above procedure. 

40 

V THERMAL CONTROL 

[0192] The present invention also includes a thermal 
control system that improves stability, reliability, and PQ 
45 output of the printing system. Th e system maintains an d 
controls the printhead assembly temperature at so me 
desired optimum (that can be changed) and provi des 
d igital feedback to the printing system . In general, the 
thermal control system receives a sensed temperature 

\Jt II IW VillVOI i iOUVJ Ul IWI IC'l UtW«» lA «^«^IUUI WWII IlllulfW, 

such as a digital word, proportional to this sensed tem- 
perature. The thermal control system analyzes the 
sensed temperature and makes control decisions based 
on the analysis. As such, the thermal control system Is 
ss able to constantly maintain the temperature near the op- 
timal minimum. 

[0193] In a preferred embodiment, the processing 
driver head 120 includes a temperature sensor and a 
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^ means to provide a digital word that correlates with the 
sensed temperature. This digi tal word is utilized by ad - 
ditio nal temperature monitonng and control circuit fy jFat 
is pre! rabty located at least in part on the proce^ ing 
d rivgrfieaa 1 kfu . Incluaing at least some of this monitor- 
j ing and contrortircuitry on the processing driver head 
' 1 20 improves temperature control accuracy and short- 
ens response times to temperature excursions. JTie 
te mperature mon itoring and control ^ircuitrv include s 
rir piit ftinmftnt.g ^' ^yrh r egisters for Storing temper a- 
t ure-related information, converters for converting te m- 
pSi=amm.^f:^|fl|fiH ci rjnals bac k and forth between analog 
a nd digital form atTcontrollers marrespono lo thetem- 
peratu re-related signals, etc. Specific examples of this 
temperature arid monitoring circuitry are described In 
the ensujog^^isdussions. 

[0194]/^ FIG. 26 illustrates a flow chart of the general 
operaxloQ^pHne thermal control device of the present 
invention. In an exemplary embodiment, as shown in 
FIG. 28, the system preferably uses an analog-to-digital 
converter (ADC) for converting an analog voltage input 
signal to a substantially equivalent digital output signal 
having N bits (box 2810). The ADC preferably includes 
a conversion device, such as a counter (or a successive 
approximation register (SAR)), for providing the digital 
output signal and producing a digital word that is pro- 
portional to the measured temperature. 
[0195] Next, a digital-to-analog converter (DAC) re- 
ceives the digital output signal and converts the digital 
output signal into a substantially equivalent analog volt- 
age signal (box 2820). A decision element, such as a 
digital comparator, can be used to compare the analog 
input signal to the analog voltage signal from the DAC 
to determine when the digital representation of the an- 
alog signal has been reached (box 2830) for making 
control decisions based on this measured temperature 
(box 2840). As a result, the thermal control system pro- 
vides closed loop control for maintaining (box 2850) the 
processing driver head at or near an op timal, program- 
mable temperature, and for deciding tTa n upper limit set - 
poi»(4tfcib LretiM UXC3eCJed. 

[drw] Also, it should be noted that since the un- 
trimmed accuracy of the sensor can be low. the temper- 
ature sensor can be initially calibrated to correlate the 
^sensor output to a known temperature. 

Temperature Sensor Conversion 
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.^«iH[0197] Specifically, a temp^^iBlure-sensQijsailJsfiJlQ:;. 
» caied or i ihe processing df iver head with a sensor voit- 
aqe out pjiLorcio ortionaj^to a sensed temperature The 
ADC converts the sensed temperature into a digital 
word and sends the digital word to the DAC. The DAC 
has a digital input and an output voltage proportional to 
the value of a digital word received by the digital input. 
The digital comparator has a first input connected to the 
sensor voltage output and a second Input connected to 
the converter voltage output. The comparator generates 



an equivalency signal when the converter output voltage 
exceeds the sensor output voltage. The print h ad may 
have a temperature controller that compares the digital 
word to a preselected temperature threshold value to 

5 determine if the temperature is within a selected range. 
Also, a warming device (discussed in detail below) can 
be used to change the temperature of the processing 
driver head in response to a determination that the tem- 
perature is below the selected range. 

10 [0198] Preferably, the temperature control system 
has four registers associated with it. A temperature set 
point register, a fault set point register, a control register, 
and a sensor output register The temperature set point 
register holds the desired minimum processing driver 

15 head temperature. This temperature Is maintained by 
enabling the wanming device (discussed in detail below) 
when the measured driver head temperature is below 
the set point. The rate of wanning is controlled by the 
state of two enable bits in the temperature control reg- 

20 ister, with each bit enabling 50% warming. The fault set 
point register holds the temperature at which fire pulses 
are blocked and an error signal generated. Once a tem- 
perature fault condition has been detected and correct- 
ed, the printer preferably clears the error condition to 

25 enable further nozzle operation. 

[01 99] Temperature conversion (analog to digital) can 
be achieved by comparing a proportional to absolute 
temperature (PTAT) voltage to the output from the tem- 
perature DAC. If the comparison indicates that the DAC 

30 output is below the PTAT voltage, the input word to the 
DAC is Incremented and another comparison made. 
Once equality between the two voltages is detected, the 
input word to the DAC is saved to the sensor output reg- 
ister. The converter is normally free running and contin- 

35 uously updates the sensor output register 

[0200] The control register preferably contains bits for 
trickle warming control, sensor enable, free-run or one- 
shot control. DAC calibration enable, temperature reg- 
ulation status, and temperature fault status. The register 

40 is read/write and is cleared after reset. The s ensor out- 
put register holds the result of the most recent tempe r- 
ature conversi on and is preferably undefined after po w- 
er-up reset. ^ 

45 Working Example of Temperature Sensor 
Conversion 

[0201] As shown in FIG. 29, the themial control device 
291 0 is preferably temperature circuitry and a part of the 

50 prinlhead driver head 120 (shown in FIG. 1) and in- 
cludes a measurement section 291 5 and a temperature 
control section 2916. The measurement section in- 
cludes a digital counter 2920 having an enable Input 
2922. a clock input 2924. and a reset input 2926. The 

55 counter has a multi-bit output bus 2930. and a multi-bit 
control bus 2932. The counter is operable to generate 
a multi-bit digital word in an intemal register that incre- 
ments in response to pulses received on the clock line 
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2924 while the enable line Is held low. When the enable 
signal is high, th register contents are held constant. 
When the reset line 2926 is pulsed, the counter register 
is cleared to zero. The register contents are expressed 
as high or low logic states on the respective lines of the 
output busses 2930. 2932. 

[0202] The counter's control bus is connected to the 
inputs of a digital to analog converter (DAC) 2934, which 
has an analog reference voltage input line 2936 and an 
analog voltage output line 2940. The DAC generates an 
output voltage that is proportional to the voltage on the 
input line 2936 and to the value of the digita word re- 
ceived at the control bus 2932. When the control bus 
receives all zeros, the output voltage is half of the ref- 
erence voltage, and when the control bus receives all 
ones, the output voltage Is equal to the reference volt- 
age on line 2936. A reference voltage generator 2942 
generates the reference voltage, and includes conven- 
tional circuitry to nriaintain a stable voltage regardless of 
tennperature variations or manufacturing process varia- 
tions. In the preferred ennbodiment, the reference volt- 
age is 5.12V +/- 0.1V. 

[0203] The nrteasurennent section 2915 includes a 
voltage generator 2944 on the processing driver head 
that generates a nneasurement voltage on line 2946. 
The measur ement vo ltafl e is proportbnal to the abs o- 
lute t ennperature of the die, and has a substantially line ar 
output voltage relative t otemperatur e. In one embodi- 
m^i\\, Uid [iiti^suietnenTvoltage is equal to 2.7V + 
(lOmV X T), with the temperature expressed in degrees 
Celsius, so that the voltage Is 2.7V at the freezing point 
of water, for instance. 

[0204] A voltage comparator 2950 has a first input 
connected to the DAC output voltage line 2940, and a 
second input connected to the voltage generator output 
2946. When the voltage of the DAC exceeds the meas- 
urement voltage on line 2946, the comparator will ex- 
press a logic high on a converter output line 2952, which 
is connected to control logic circuitry and to the counter's 
enable line 2922. 

[0205] The temperature sensing circuitry may operate 
continuously and independently of printing operations. 
In operation, when the print head is first Installed in a 
printer, or when the printer is first powered on, the coun- 
ter Is reset to zero for a temperature measurement to 
begin. With the digital word zero transmitted to the DAC, 
the comparator 2950 evaluates whether the DAC 2934 
output exceeds the output of the voltage generator 
2944. If so, the converter output switches to high, sign- 
aling to lOyic circuiif/ uiai a iii6asureiiieni iscompieiB, 
and disabling the counter from further incrementing by 
transmitting this voltage to the enable input 2922. 
[0206] If the DAC voltage Is below the temperature 
measurement voltage, the comparator output remains 
low, keeping the counter in an enabled state. In this 
state, the counter responds to the next clock pulse by 
incrementing the digital word in its register by a single 
bit. In response to this, the DAC output voltage is incre- 



mented by a step, and the comparator evaluates if the 
increased DAC output exceeds the measurement volt- 
age. The incrementing process continues upward until 
the DAC voltage first exceeds the measurement volt- 
s age. 

[0207] When this occurs, the comparator output 
switches to high, signaling to bgic circuitry that a meas- 
urement is complete, and disabling the counter from fur- 
ther incrementing by transmitting this voltage to the en- 

10 able input 2922. In nornnal circumstances, when the 
DAC voltage has just exceeded the measurement volt- 
age, the counter register will contain and maintain the 
digital word corresponding to the temperature level of 
the die. After this encoded temperature value is read 

IS from the counter, the logic circuitry may reset the coun- 
ter so that another measurement may begin. 
[0208] The temperature control section 291 6 of the 
circuit 2910 senses to read the calculated temperature 
value code from the counter, to determine If it is within 

20 a preselected range, and to warm the processing driver 
head if too cold, or to disable or warm the printer to slow 
the printing operations if the temperature is too high. The 
control section includes a sensor output register 2960 
connected to the output bus 2930 to receive and store 

25 the digital word received from the counter. The register 
2960 has an output bus 2962 connected to a digital com- 
parator circuit 2964. the register is connected to the logic 
circuitry so that the logic circuitry may initiate storage of 
the digital word when the "measurement complete" sig- 

30 nal is received from the converter 2950, and so that the 
counter may be reset and re-enabled after the word has 
been stored in register 2960. 

[0209] The comparator 2964 has three input busses: 
bus 2962 and second and third busses connected re- 

35 spectively to a low temperature setpoint register 2966, 
and to a fault setpoint register 2970. Each setpoint reg- 
ister is connected to logic circuitry on the distributive 
processor 2971 that receives setpoint data from the 
printer over the serial command line. The setpoint val- 

40 ues are seven bit digital words that are encoded on the 
same scale as the measured temperature data. The low 
temperature setpoint value corresponds to the minimum 
acceptable operating temperature, below which the 
processing driver head is considered not warmed up. 

45 The fault temperature setpoint value corresponds to the 
maximum acceptable operating temperature, above 
which the is considered too hot to operate safely or re- 
liably 

[0210] The comparator has a fault output line 2972 
50 that connects to logic circuitry, and which is set low when 
the value of the sensor output word is less than the value 
of the fault setpoint value, and is set high when the value 
of the sensor output word is greater than the value of 
the fault setpoint value. A warming output line 2974 from 
55 the comparator also connects to logic circuitry, and is 
set k)w when the value of the sensor output word is 
greater than the value of the temperature setpoint value, 
and high when the value of the sensor output word is 
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less than the value of the temperature setpoint value. 
[0211] Logic circuitry responds to a low signal from 
both outputs 2972, 2974 with normal operation. If logic 
circuitry detects a high level on the fault line, it signals 
the printer via the command line either to stop printing 
and display a fault message, or to slow printing to reduce 
heat accumulation. The logic circuitry may also connect 
directly to the firing circuitry to provide on-processing 
driver head disablement capabilities in the event of print- 
er error. If logic circuitry detects a high level on the warm- 
ing line, it activates warming circuitry on the processing 
driver head that continues to warm the processing driver 
head until the warming signal drops bw in response to 
the measured temperature rising to the selected set- 
point. Printing is deterred or suspended until warming is 
complete. 

[0212] In normal operation, the temperature will be 
below the low setpoint when the printer is first turned on, 
so that warming will occur for multiple temperature 
measurement cycles until the setpoint is reached. With 
the printer on and idle, the warming will cycle on as the 
processing driver head temperature drops below the 
setpoint, and off as processing driver head temperature 
exceeds the setpoint, maintaining a minimum tempera- 
ture within a narrow range that is no wider than required 
for proper printing, due to the continuous and rapid 
measurement cycling. When printing begins, the 
processing driver head may warm from normal opera- 
tion, making further wanming unnecessary, unless the 
printer becomes idle or is printing a very sparse pattern 
firing few nozzles. If printing is heavy, with most or all 
nozzles firing for a prolonged period, the processing 
driver head temperature may reach the fault threshold, 
and printing may be slowed, or Interrupted until the 
processing driver head temperature drops below the 
fault level, or halted altogether. 
[0213] To provide additional control, the comparator 
2964 may evaluate the magnitude by which the meas- 
ured voltage word departs from the desired range, and 
take action of varying magnitude accordingly A slight 
exceeding of the fault setpoint may initiate sbwed print- 
ing, while a greater margin of departure causes printing 
to halt. Similarly, at the lower setpoint, a faster rate of 
wanming may be provided until a first temperature is 
reached, and a slower warming rate until a higher tem- 
perature is reached. These features require the output 
lines 2972, 2974 to be multi bit busses. 
[021 4] In one embodiment, the system has a sensing 
range from 0°C to 120'*C. and a nominal conversion 
lime of about 1 20 jiS for 40* C at 4MHz clock frequency. 
In this embodiment, the DAC is a 128 element precision 
polysilicon strip with 127 taps. Each tap is routed 
through a series of analog switches controlled by a de- 
coded version of the input word. The reference voltage 
is derived from a bandgap reference, and varies by only 
+-A4% over possible penmutations of process and oper- 
ating temperatures. The DAC has an offset of 2.56 V to 
ease design constraints on the sensor and comparator 
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circuits, and has a resolution of 20 mV per increment, 
which yields a temperature resolution of +/- TO, and 
2^*0 per count in the output register. 

VI. WARMING DEVICE 

[021 5] In response to the determination that the driver ^ 
head has fallen betow a threshold temperatur e^^a warm- ) 
i ng devic e i s used to rP''^'* terppfiffltnrft nf thft / 
pr^ gssing driver he ad. The driver head includes firing 
resistors for eje cting ink droplets that eadh have a inl ii- 
Irf YDTTrcurrfent that causes ejection of an ink drop^ Con- 
trolling the electrical current altows the warming de vice 
^nn^iggl^Jh'* ""^g fQft'gtntR In prf^yiri e enough curr ent 
to thefirin q resistors to raise the temperature of t he driv- 
er head_without_e25Qfi^^ re- y 

qiiirpH tn Qjftrl an Hrnpj ^ 

[021 6] As an example, FIG. 30 illustrates an exempla- 
ry warming device system. The warming device 3000 
can be a warming circuit 3010 with segmented first and 
second portions 3020, 3030. The wanming circuit 3010 
is electrically coupled to the thermal control device 3040 
of the driver head 3050 for receiving control signals. Jn_ 
respo nse to a nee d to increase the temperature of the 
drive r head 3050 (as discus5gch abovo i n t h e-thgfTT^ I 
cont rcrsectionV th e driver head 3050 sends an activa - 
tion' signai to the wanming circuit 3010. The first po rtion 
30 ^warms at east one firing resistor, and preferably a 
set oTfirinff resistors, by providlno current betow th e 
threshold fi ring curre nt. The second p ortion 3030 pro- 
vi5es curr ent above the threshold for ejecting an ink 
dr£^. As a result, the temperature of the driver hea d 
30 50 is raised without causing any of the firino resisto rs 
to eiect an ink droo b y tl^e actions of the war ming device 

[021 7] Specifically, FIG. 31 is a detailed illustration of 
the nozzle drive logic 31 25 of FIGS. 20 incorporating the 
device of FIG. 30. In the working example of FIG. 31, 
there are n nozzles (0-n) shown and each process de- 
scribed is replicated for each of these nozzles. Each re- 
sistor 3105 is connected to ground through a nozzle 
transistor 31 1 0 and a warming device 31 1 5. The nozzle 
transistor 3110 and the warming device 3115 can be 
power field effect transistors (FETS). The warming de- 
vice 3115 provides the capability to warm the printhead 
assembly to any desired temperature before and during 
printing operations. This process is called "trickle warm- 
ing" because the printhead assembly allows a trickle of 
energy to flow through the warming device 3115. This 
50 trickle energy delivers enough energy to heat the print 
head assembly but not enough energy to cause the re- 
sistors to eject an ink drop. The printhead assembly tem- 
perature rises until the desired temperature is reached 
and the warming device 3115 is then shut off. 
ss [0218] In one embodiment, as shown in FIG. 31, the 
nozzle switch 3110 and the warming device 3115 are 
connected in parallel to the resistor 3105. The purpose 
of the warming device 31 1 5 is to provide a way to wanri 
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the printhead assembly when it is below an optimal print- 
ing temperature. Preferably the warming device 3115 
lies as close as possible to the associated resistor 31 05. 
The nozzle switch 3110 Is turned on by the combination 
of the address decode 3120, the "and" block 3125 and 
the level shifter 3130. Each of these devices helps de- 
termine when the nozzle switch 311 0 will be tumed on. 
This determination Is based on (1) whether the nozzle 
has been selected to receive data; (2) whether a fire 
pulse has been sent to the nozzle; and (3) whether the 
address sent from the primitive matches the address of 
the nozzle transistor. In additbn to the above systems, 
the nozzle drive logic 31 25 also contains multiple data 
latches (not shown). These data latches provide data 
storage at each nozzle. 

Working Example of Warming Device 

[0219] For each nozzle, a printhead circuit preferably 
includes a warming transistor with a drive transistor and 
a heating resistor. The drive transistor outputs a firing 
pulse to the heatin g resi goTThe nrlngp ulse is oi a cur- 
r ent rnagnltude suTflcient to heat theTesistor* ^rtd "Ink 
enough to eject th ejokiroma nnzzlR. Tbfi ^rming jran- 
sistorgenerates a warming pulse to the h eating re sistor 
The warnTlpg ^lse is of a currenf magmtude less than 
that of the firin gpPTS e.' I he purpose ot sendirtg Wanning 
pulses to respective heating resistors is to maintain the 
printhead at a desired temperature during a print cycle. 
[0220] For each nozzle, the source junction of the 
warming transistor is coupled in common to the source 
junction of the drive transistor. In addition, the drain junc- 
tion of the warming transistor is coupled to the drain 
junction of the drive transistor. In one embodiment, the 
commonly coupled source junctions are tied to ground, 
while the commonly coupled drain junctions are con- 
nected to the heating resistor 

[0221 ] The warming transistor is preferably laid out to 
share a common wiring line interconnect with the drive 
transistor for the source contact, and a common wring 
line interconnect with the drive transistor for the drain 
contact. The warming transistor is laid out as a segment- 
ed portion of the drive transistor having a separate gate 
contact. An advantage of such layout is that additional 
area is not required on the processing driver head to 
include a separate warming transistor. Additional inter- 
connect lengths are not needed. An additional contact 
is included for the warming transistor gate and another 
contact (e.g., warming transistor gate contact) is prefer- 
ably added. In an emucdimeni in which the warming 
transistor is activated and joins with the drive transistor 
in sensing current to the heating resistor during firing, 
the same amount of power is achievable as for a prior 
layout of a drive transistor alone without a warming tran- 
sistor being present. The same amount of substrate ar- 
ea is used for the warming and drive transistor as for the 
prior one drive transistor. 

[0222] The foregoing has described the principles, 



preferred embodiments and modes of operation of the 
present inventbn. However, the Invention should not be 
construed as being limited to the particular embodi- 
ments discussed. As an xampi , the above-described 

5 inventions can be used in conjunction with Inkjet printers 
that are not of the t hermal tvpe . as well as Inkjet printers 
that are of the thermal type. Thus, the atx)ve-<Jescribed 
embodiments should be regarded as illustrative rather 
than restrictive, and It should be appreciated that varla- 

10 tions may be made in those embodiments by workers 
skilled in the art without departing from the scope of the 
present Invention as defined by the following claims. 



IS Claims 

1. A printing system 1 00 for selectively depositing ink 
drops 628 on media, comprising: 

20 a processing driver head 120 having an ink 

ejection driver head 126 integrated with a dis- 
tributive processor 1 24; 
a thermal element 416 disposed on the 
processing driver head providing thermal ener- 
gy to eject ink 628, wherein the distributive 
processor 124 includes a firing sequencer 130 
for selectively activating the thermal element 
416; 

an external controller 110 that provides Infor- 
mation to the distributive processor 124 that se- 
lects a particular firing sequence from a plural- 
ity of firing sequences; and 
an apparatus for providing motion between the 
processing driver head 120 and the media. 

2. The printing system 1 00 of claim 1 , wherein the plu- 
rality of different firing sequences is based on inde- 
pendent variables. 

3. The printing system 100 of claim 2, wherein the in- 
dependent variables Include at least four independ- 
ent variables. 

4. The printing system 100 of claim 4, wherein the in- 
dependent variables includes at least one of: (a) a 
mode variable for selec t'^fl ^ P""f mode; (b) aip^ag^ 
dre ss count start variable for changing an address 
generation sequence; (c) a d irection vanable fof de ^ 
t ermining the direction of the printhead assembl y; 

BO (d) a jgction al dot del ay variable for offset tlngan 
ejected ink drop. 

5. The printing system 1 00 ot claim 1 , f u rther compris- 
ing a delay device 152 for delaying the fire pulses 

55 between at least two of the thermal elements. 

S. A printing method for a printhead assembly 1 1 6 hav- 
ing a register, a distributive processor 124 and a 
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thermal element 416, comprising: 

loading firing data into the register, 
determining a firing sequence for the firing da- 
ta; and s 
selectively activating the thermal element 416 
according to the firing sequence. 

7. The method of claim 6, further comprising determin- 
ing the printing mode. 

8. The method of claim 6. f u rther comprising changing 
a sequence in which a register address is generat- 
ed. 

IS 

9. The method of claim 6, wherein activating the ther- 
mal elements further comprises: 

sending plural fire pu Uses to the thermal ele- 
ment 416; and 20 
delaying the fire pulses between at least two of 
the thern)at elements 416. 

10. The method of claim 9, further comprising: 

25 

arranging in primitives 420 the thermal ele- 
ments 416; 

delaying the fire pulses between at least two 
primitives 420. 
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